


Essential Clinical Anesthesia
The clinical practice of anesthesia has undergone many advances in the past few years, making
this the perfect time for a new state-of-the-art anesthesia textbook for practitioners and
trainees. The goal of Essential Clinical Anesthesia is to provide a modern, clinically focused
textbook giving rapid access to comprehensive, succinct knowledge from experts in the field.

All clinical topics of relevance to anesthesiology are organized into 29 sections consisting of
184 chapters. The print version contains 167 chapters that cover all the essential clinical topics,
whereas an additional 17 chapters and appendix on subjects of interest to the more advanced
practitioner can be freely accessed at www.cambridge.org/vacanti. Newer techniques, such as
ultrasound nerve blocks, robotic surgery, and transesophageal echocardiography, are included,
and numerous illustrations and tables assist the reader in rapidly assimilating key information.

This authoritative text is edited by distinguished faculty, with contributors frommany of the
leading academic anesthesiology departments in the United States, and includes an
introduction from Dr. S. Rao Mallampati.

Essential Clinical Anesthesia is your essential companion when preparing for board review
and recertification exams, and in your daily clinical practice.

Charles A. Vacanti, M.D., is the Vandam/Covino Professor of Anaesthesia at Harvard Medical School and
Anesthesiologist-in-Chief of the Department of Anesthesiology, Perioperative, and Pain Medicine at the
Brigham andWomen’s Hospital. He has published more than 200 original articles, reviews, book
chapters, and abstracts, and he holds more than 20 patents. In addition, he serves as the Director of the
Laboratories for Tissue Engineering and Regenerative Medicine at the Brigham andWomen’s Hospital.
He is the founding editor of the journal Tissue Engineering and founding president of the Tissue
Engineering Society International. He is currently a member, and was previously president, of the
Governing Council of the Society of Academic Anesthesiology Associations (SAAA).

Pankaj K. Sikka, M.D., Ph.D., is a staff anesthesiologist at the Emerson Hospital in Massachusetts. He
completed an anesthesia residency at Yale New Haven Hospital, a cardiothoracic anesthesia fellowship at
the Cleveland Clinic Foundation, and a doctoral program in pharmacology at Louisiana State University
Medical Center. He was one of the first to culture rat kidney cells in vitro, making it easy and inexpensive
to perform experiments. He is a member of a taskforce of the American Society of Anesthesiologists
Self-Education and Evaluation program.

Richard D. Urman, M.D., M.B.A., is Assistant Professor of Anaesthesia at Harvard Medical School and a
staff anesthesiologist at Brigham andWomen’s Hospital. He specializes in ambulatory anesthesia,
co-directs the Center for Perioperative Management and Medical Informatics, and is the director of
procedural sedation management and education for the hospital. He is also co-founder of the Institute for
Safety in Office-Based Surgery. His academic interests include patient safety, novel anesthetic drugs, and
operating room efficiency.

Mark Dershwitz, M.D., Ph.D., is Professor and Vice Chair of Anesthesiology and Professor of
Biochemistry and Molecular Pharmacology at the University of Massachusetts Medical School. He is
editor-in-chief of the Web site AccessAnesthesiology and co-author ofTheMcGraw-Hill Specialty Board
Review: Anesthesiology. His research has focused on intravenous anesthetics, antiemetics,
and intraoperative brain function monitoring.

B. Scott Segal, M.D., M.H.C.M., is Professor of Anesthesiology at Tufts University School of Medicine and
Chairman of the Department of Anesthesiology at Tufts Medical Center. He is a senior editor of the
American Board of Anesthesiology written examination and an oral examiner for the board. He is also
co-founder of theanswerpage.com, an educational Web site serving thousands of physicians worldwide.





Essential Clinical Anesthesia
Edited by
Charles A. Vacanti, M.D.
Harvard Medical School and Brigham and Women’s Hospital

Pankaj K. Sikka, M.D., Ph.D.
Emerson Hospital

Richard D. Urman, M.D., M.B.A.
Harvard Medical School and Brigham and Women’s Hospital

Mark Dershwitz, M.D., Ph.D.
University of Massachusetts Medical School

B. Scott Segal, M.D., M.H.C.M.
Tufts University School of Medicine and Tufts Medical Center



cambridge university press
Cambridge, NewYork,Melbourne,Madrid, Cape Town,
Singapore, São Paulo, Delhi, Tokyo,Mexico City

CambridgeUniversity Press
32Avenue of the Americas, NewYork, NY 10013-2473, USA

www.cambridge.org
Information on this title: www.cambridge.org/9780521720205

C©CambridgeUniversity Press 2011

This publication is in copyright. Subject to statutory exception
and to the provisions of relevant collective licensing agreements,
no reproduction of any partmay take place without the written
permission of CambridgeUniversity Press.

First published 2011

Printed in theUnited States of America

A catalog record for this publication is available from the British Library.

Library of Congress Cataloging in Publication data

Essential clinical anesthesia / edited by Charles Vacanti . . . [et al.].
p. ; cm.

Includes bibliographical references and index.
ISBN 978-0-521-72020-5 (pbk.)
1. Anesthesiology. 2. Anesthesia. I. Vacanti, Charles. II. Title.
[DNLM: 1. Anesthesia –methods. 2. Anesthesiology –methods.
3. Anesthetics – administration& dosage. WO200]
RD81.E856 2011
617.9′6–dc22 2010028650

ISBN 978-0-521-72020-5 Paperback

Additional resources for this publication at
www.cambridge.org/vacanti

CambridgeUniversity Press has no responsibility for the persistence or
accuracy ofURLs for external or third-party InternetWeb sites
referred to in this publication and does not guarantee that any content
on suchWeb sites is, or will remain, accurate or appropriate.

Every effort has beenmade in preparing this book to provide accurate
and up-to-date information that is in accordwith accepted standards
and practice at the time of publication. Although case histories are
drawn from actual cases, every effort has beenmade to disguise the
identities of the individuals involved. Nevertheless, the authors,
editors, and publishers canmake nowarranties that the information
contained herein is totally free from error, not least because clinical
standards are constantly changing through research and regulation.
The authors, editors, and publishers therefore disclaim all liability for
direct or consequential damages resulting from the use ofmaterial
contained in this book. Readers are strongly advised to pay careful
attention to information provided by themanufacturer of any drugs or
equipment that they plan to use.

http://www.cambridge.org
http://www.cambridge.org/9780521720205


Contents

Section Editors xiii
Contributors xv
Preface xxix
Foreword xxxi
S. Rao Mallampati

1 History of anesthesia 1
Rafael A. Ortega and Christine Mai

Part 1 – Preoperative Care and Evaluation
B. Scott Segal and Angela M. Bader, editors

2 Preoperative anesthetic assessment 7
Sohail K. Mahboobi and Sheila R. Barnett

3 Obstructive and restrictive lung disease 16
Shannon S. McKenna

4 Anesthetic goals in patients with myocardial
ischemia and heart failure 23
Sugantha Sundar, Jason M. Erlich, and Eswar Sundar

5 Anesthetic goals in patients with valvular heart
disease 28
Sugantha Sundar, Devi Mahendran, and Eswar Sundar

6 Obesity 37
Liem C. Nguyen and Stephanie B. Jones

7 Chronic renal failure 43
Edward A. Bittner

8 Liver disease 49
Jason C. Brookman and Warren S. Sandberg

9 Diabetes mellitus and perioperative glucose
control 56
Ruma R. Bose and Balachundhar Subramaniam

10 Common blood disorders 62
Jonathan D. Bloom and Edward A. Bittner

11 The elderly patient 70
Ruma R. Bose and Sheila R. Barnett

12 Neurologic diseases and anesthesia 77
Spiro G. Spanakis, John Lin, and Pankaj K. Sikka

13 Anesthetic considerations in psychiatric
diseases 83
Houman Amirfarzan and Pankaj K. Sikka

14 Substance abuse and anesthesia 88
Thomas J. Graetz and Lisa R. Leffert

Part 2 – Airway Management
William H. Rosenblatt, editor

15 Anatomy of the human airway 95
Sarah H. Wiser

16 Airway assessment 98
Rahul Koka and B. Scott Segal

17 Perioperative airway management 102
Sibinka Bajic and Sarah H. Wiser

18 Management of the difficult airway 112
Essi M. Vulli and Wariya Sukhupragarn

Part 3 – Anesthesia Equipment
Yasodananda Kumar Areti, editor

19 Medical gas supply, vacuum, and scavenging 121
Jesse M. Ehrenfeld and Yasodananda Kumar Areti

20 Anesthesia machine 129
Yasodananda Kumar Areti

21 Anesthesia ventilators 138
Yasodananda Kumar Areti and Edward R. Garcia

22 Anesthesia breathing apparatuses 144
Jingping Wang and Charles A. Vacanti

23 Electrical safety 149
Jesse M. Ehrenfeld, Seetharaman Hariharan, and
Stephen B. Corn

Part 4 – Patient Monitoring
Bhavani S. Kodali, editor

24 Hemodynamic patient monitoring 155
Amit Asopa, Theodore E. Dushane, and
Swaminathan Karthik



Contents

25 The electrocardiogram and approach to
diagnosis of common abnormalities 173
Usha B. Tedrow

26 Pulse oximetry and capnography 186
Zhiling Xiong and Bhavani S. Kodali

27 Monitoring of neuromuscular blockade 191
Kai Matthes and Neelakantan Sunder

28 Thermoregulation and temperature monitoring 198
Matthias Stopfkuchen-Evans, Elliott S. Farber, and
Francis X. Vacanti

29 Neurophysiologic monitoring 203
Kai Matthes and Mary Ellen McCann

30 Intraoperative awareness 209
Scott D. Kelley

Part 5 – Inhalation Anesthetics
James H. Philip, editor

31 Inhalation anesthetics 213
Matthias Stopfkuchen-Evans, Lina M.
Bolanos-Diaz, Alimorad G. Djalali, and Beverly K. Philip

32 Pharmacokinetics of inhalational agents 218
James H. Philip

33 Pharmacodynamics of inhalational agents 224
Jan Boublik and Richard D. Urman

Part 6 – Intravenous Anesthetics and
Adjunct Drugs
Mark Dershwitz, editor

34 Intravenous induction agents 227
Aakash Agarwala and Mark Dershwitz

35 Mechanisms of anesthetic actions 233
Ken Solt and Douglas E. Raines

36 Pharmacokinetics of intravenous agents 236
Lisbeth Lopez Pappas and Mark Dershwitz

37 Opioids 242
Darin J. Correll and Carl E. Rosow

38 Muscle relaxants 251
Torin D. Shear and J. A. Jeevendra Martyn

39 Reversal of neuromuscular blockade 257
Thor C. Milland and Neelakantan Sunder

40 Perioperative pulmonary aspiration
prophylaxis 261
John P. Broadnax and B. Scott Segal

41 Perioperative antiemetic therapies 263
John P. Broadnax and B. Scott Segal

42 COX inhibitors and �2-adrenoceptor agonists 268
Benjamin Parish and Mark Dershwitz

43 Diuretics 271
Edward R. Garcia

44 Drug interactions 274
Martha Cordoba-Amorocho and Jie Zhou

45 Allergic reactions 278
Karan Madan and David L. Hepner

Part 7 – Pharmacology of Local Anesthetics
Pradeep Dinakar and Gary R. Strichartz, editors

46 Mechanism of action and pharmacokinetics 283
Peter Gerner and Pradeep Dinakar

47 Clinical applications of local anesthetics 288
Pradeep Dinakar and Peter Gerner

Part 8 – Anesthesia Techniques
Sascha S. Beutler, editor

48 Administration of general anesthesia 295
Francis X. Dillon and Rana Badr

49 Total intravenous anesthesia (TIVA) 305
Amit Gupta and J. Lance Lichtor

50 Monitored anesthesia care 309
Shubjeet Kaur

51 Patient positioning and common nerve injuries 313
Christian D. Gonzalez

Part 9 – Managing the Transition from
Anesthesia
Robert M. Knapp, editor

52 Emergence from anesthesia 317
Michael P. Storey and Richard D. Urman

53 Postoperative complications in the PACU 321
Ala Nozari and Edward A. Bittner

54 Management of postoperative nausea and
vomiting 326
Robert M. Knapp

55 Cognitive changes after surgery and anesthesia 330
Joshua C. Vacanti, Gregory J. Crosby, and
Deborah J. Culley

vi



Contents

Part 10 – Regional Anesthesia
Mercedes A. Concepcion and Mark Dershwitz, editors

56 Anatomy of the vertebral column and spinal
cord 335
Assia Valovska

57 Spinal anesthesia 340
Ivan T. Valovski and Assia Valovska

58 Epidural anesthesia 349
Richard S. Field and B. Scott Segal

59 Principles of ultrasound-guided nerve blocks 356
Tanja S. Frey and Adam B. Collins

60 Upper extremity nerve blocks 361
Eddy M. Feliz, Tanja S. Frey, Adam B. Collins, and
Abdel-Kader Mehio

61 Lower extremity nerve blocks 370
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Preface

Why another basic textbook of anesthesiology? Some of the
most classic texts on this topic have been published inmany edi-
tions andhave enjoyed popularity for decades, especially among
trainees.Major clinical textbooks have likewise evolved through
many editions, providing trainees and practitioners with exten-
sive reference works. Our goal was to develop a text that bridges
this gap. Essential Clinical Anesthesia is designed to be read
cover to cover by trainees, but also to serve as a succinct and
compact reference for more experienced practitioners. The for-
mat differs from most other texts by featuring a large number
of short chapters. The book contains 29 sections and 184 chap-
ters. The majority of these are found in the print version and
the remainder, including some of the more advanced topics,
can be accessed on the Internet at www.cambridge.org/vacanti.
We have endeavored to keep the length of each chapter short
enough to be read comfortably in a single sitting yet compre-
hensive enough to cover the basics as well as the state of the art.
References are sufficient to allow the interested reader to delve
deeper yet reasonable in number to allow the reader to focus on
the most important works on the subject.

Wehave followed the lead ofmajor textbooks bymaking this
text a multi-authored work. More than 150 authors, all experts
in their fields, have written the chapters, and experienced

section editors have ensured accuracy and consistency of the
format. The astute reader will note that many authors are from
Boston teaching hospitals but overall are drawn from institu-
tions nationwide and beyond. We hope this provides a broad
perspective on the field of anesthesiology.

The editors wish to express their gratitude to Jerry Buter-
baugh, Angela Butler, Jodi Edelstein, Dr. Joseph Garfield,
Meghan Hurley, Dr. Robert Pilon, Dr. Matthias Stopfkuchen-
Evans, Dr. George Topulos, and Barbara Walthall of Aptara,
Inc. for providing valuable editorial assistance, and the editors
appreciate the support of Cambridge University Press in the
preparation of this textbook. We hope that Essential Clinical
Anesthesia will prove to be a valuable textbook that will enrich
the libraries of our readers and help advance the study of anes-
thesiology.

Charles A. Vacanti
Pankaj K. Sikka
Richard D. Urman
Mark Dershwitz
B. Scott Segal

Boston, Massachusetts





Foreword

“The practice of medicine is an art based on science.”
William Osler

Since William T. G. Morton administered ether to Gilbert
Abbott at Massachusetts General Hospital on October 16, 1846,
anesthesiology has evolved into one of the most complex dis-
ciplines of medicine. The past years have witnessed numerous
scientific and technologic advances, resulting in a mountain
of information to read and digest. Notable among these are
receptor–drug interactions, genes and mutations, and genetic
and acquired physiologic variables, to name a few. Variations
in these processes among individuals as well as in an individual
from time to time serve to explain the wide variations clinicians
see in pain perception, stress response, and anesthetic require-
ments.

While these and other scientific advances provide a strong
scientific foundation for clinical practice, art is equally or

perhaps more important to produce the best possible clinical
outcomes. In this regard, the legacy of William Osler and other
giants, who practicedmedicine at a timewhen technologic tools
were barely existent, is a constant reminder about the impor-
tance of art as well as science in the clinical practice of anesthe-
siology, a complex branch of medicine.

This book, in an easy-to-access format, is designed to
present the essential scientific and non-scientific aspects of the
knowledge base. The chapters are written by authors who are
well versed in their respective areas of expertise. I am confident
that this book will serve readers well in enhancing the art and
science of anesthesiology in their clinical practice.

S. Rao Mallampati, M.D.
Boston, Massachusetts





Chapter

1 History of anesthesia
Rafael A. Ortega and Christine Mai

It has been said that the disadvantage of not understanding the
past is to not understand the present. Knowledge of the his-
tory of anesthesia enables us to appreciate the discoveries that
shaped this medical field, to recognize the scope of anesthesiol-
ogy today, and to predict future advancements (Table 1.1).

It is generally agreed that the first successful public demon-
stration of general inhalation anesthesia with diethyl ether
occurred in Boston in the 19th century. Prior to this occasion,
all but the simplest procedures in surgery were “to be dreaded
only less than death itself.”Throughout history, pain prohibited
surgical advances and consumed patients. Imagine the sense of
awe and pride when William Thomas Green Morton (1819–
1868), a dentist from Massachusetts, demonstrated the use of
ether to anesthetize a youngman for the removal of a tumor.The
celebrated demonstration in 1846 at the Massachusetts Gen-
eral Hospital heralded a new era of pain-free operations. As
Johann Friedrich Dieffenbach, author of Ether against Pain,
stated, “Pain, the highest consciousness of our earthly existence,
the most distinct sensation of the imperfection of our body,
must bow before the power of the human mind, before the
power of ether vapor.”

Anesthesia prior to ether
The first forays into the field of anesthesiology occurred much
earlier than Morton’s demonstration. The Greek physician
Dioscorides (a.d. 40–90), for instance, reported on the anal-
gesic properties of mandragora, extracted from the bark and
leaves of the mandrake plant in the first century. Agents such as
ethyl alcohol, cannabis, and opiumwere inhaled by the ancients
for their stupefying effects before surgery. Alchemist and physi-
cian Arnold of Villanova (c. 1238–c. 1310) used a mixture of
opium, mandragora, and henbane to make his patients insensi-
ble to pain.

From the ninth to the 13th century, the “soporific sponge”
was used to provide pain relief. These sponges were impreg-
nated with a liquid made from boiling a combination of man-
drake leaves, poppies, and herbs. Prior to surgery, the sponge
was reconstituted with hot water and placed over the nostrils of
the afflicted to deliver the anesthetic. Alcohol fumes also were
used in the surgical setting during the Middle Ages, but proved
to be of poor value because of their inadequacy both in pain

relief and in minimizing the recollection of unpleasant memo-
ries of the surgical procedure.

In the 16th century, Paracelsus (1493–1544) produced lau-
danum, an opium derivative in the form of a tincture. Lau-
danum, or “wine of opium,” was used as an analgesic but also
was inappropriately prescribed for meningitis, cardiac disease,
and tuberculosis. Still, alcohol and opium were regarded as of
practical value in diminishing the pain of operations by the
mid-1800s, despite their relative ineffectiveness.

In 1804, decades before Morton’s demonstration, Seishu
Hanaoka (1760–1835), a surgeon in Japan, administered gen-
eral anesthesia. Hanaoka used an herbal concoction contain-
ing a combination of potent anticholinergic alkaloids capable
of inducing unconsciousness. The patients drank the prepara-
tion known as “Tsusensan” before Hanaoka performed surgery.
It is also known that Chinese physicians have used acupuncture
to ease surgical pain for centuries.

Nitrous oxide
Joseph Priestley (1733–1804), an English clergyman and
chemist, first described nitrous oxide’s properties as an anes-
thetic. Like ether, nitrous oxide was known for its ability to
produce lightheadedness and inebriation. Sir Humphry Davy
(1778–1829) noted the gas’s effect on respiration and the central
nervous system. In his book Nitrous Oxide, Davy commented
on its effects of transiently relieving headaches and toothaches
and its capability to alleviate physical pain during surgical pro-
cedures. The term laughing gas was coined by Davy because of
its ability to trigger uncontrollable laughter. This gas remains
the oldest inhaled anesthetic still used today.

Diethyl ether
The compound diethyl ether has been known for centuries.
It may have been first discovered by the Arabian philosopher
Jabir ibn Hayyam in the eighth century. Credit also is given to
the 13th century European alchemist Raymundus Lullius, who
first called it “sweet vitriol.” This compound later was renamed
ether, which in Greek means “the upper, pure bright air.” By
the 16th century, Paracelsus recognized and recorded the anal-
gesic properties of ether. He noted that it produced drowsiness
in chickens, causing them to fall asleep and awaken unharmed.
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Table 1.1. Timeline of the history of anesthesia

First century A.D. Greek physician Dioscorides reports analgesic properties of mandragora

Ninth–13th century Soporific sponge method for delivering pain relief

16th century Paracelsus introduces laudanum, “wine of opium.”
Spanish conquistadores’ account of curare in South America

18th century
1773 Nitrous oxide first introduced by Joseph Priestley

19th century
1800 Humphry Davy publishes Nitrous Oxide
1804 Seishu Hanaoka of Japan administers general anesthesia
1842 Crawford Long administers diethyl ether inhalational general anesthesia
1844 Horace Wells administers nitrous oxide for dental analgesia
1846 William Morton’s public demonstration of diethyl ether at Massachusetts General Hospital
1847 James Young Simpson administers chloroform for general anesthesia in England
1853 John Snow administers chloroform to Queen Victoria for the birth of Prince Leopold
1857 Claude Bernard discovers the effects of curare located at the myoneural junction
1884 Carl Koller introduces the use of cocaine for ophthalmic surgery
1885 William Halsted describes techniques of anesthetizing nerve plexuses using cocaine
1889 August Bier performs the first surgical spinal anesthesia

20th century
1903 Phenobarbital synthesized by Fischer and von Mering
1905 Procaine introduced as a local anesthetic

Long Island Society of Anesthetists founded
1911 Long Island Society of Anesthetists becomes the New York Society of Anesthetists
1927 Ralph Waters establishes first anesthesiology postgraduate training program at the

University of Wisconsin–Madison
1932 Thiopental and thiamylal synthesized
1934 Thiopental used by both Waters and Lundy for induction of anesthesia
1935 Emery Rovenstine organizes an anesthesia department at Bellevue Hospital, NY
1936 New York Society of Anesthetists becomes the American Society of Anesthetists
1938 The American Board of Anesthesiology founded
1940 William Lemmon introduces concept of continuous spinal anesthesia
1942 Drug form of curare, intocostrin, introduced
1943 Lidocaine introduced as local anesthetic by Lofgren and Lindquist of Sweden
1944 Edward Tuohy invents the Tuohy needle
1945 American Society of Anesthetists becomes the American Society of Anesthesiologists (ASA)
1949 Daniel Bovet synthesizes succinylcholine
1951 Halothane introduced into clinical practice
1960 Methoxyflurane introduced into clinical practice; its use was limited by nephrotoxicity
1962 Ketamine synthesized
1964 Etomidate synthesized
1965 Isoflurane first introduced; it was marketed in the 1970s
1977 Propofol synthesized
1983 Archie Brain develops the laryngeal mask airway
1985 Anesthesia Patient Safety Foundation established
1986 Standards for basic anesthesia monitoring approved by the ASA House of Delegates
1992 Desflurane introduced into clinical practice
1994 Sevoflurane introduced into clinical practice
1995–present: The past decade has seen advances in a variety of areas, including refinements in

anesthesia delivery apparatus, ultrasound applications for regional anesthesia,
transesophageal echocardiography, depth of anesthesia monitors, total intravenous
anesthetics, supraglottic airway devices, and other innovations, helping to make the
administration of anesthesia safer.

Before ether became known as a general anesthetic, it was
marketed as a pain reliever. It also was used as an inexpensive
recreational drug during “ether frolics.” Many famous British
scientists, such as Robert Boyle (1627–1691), Isaac Newton
(1643–1728), and Michael Faraday (1791–1867), examined the
properties of ether. However, they did not make the connection
between its analgesic qualities and the possibility of complete
surgical anesthesia. It was not until later that ether was used as
a general anesthetic. CrawfordWilliamson Long (1815–1978), a
physician fromGeorgia, administered ether onMarch 30, 1842,
to James M. Venable for the removal of a neck tumor. Long also

conducted comparative trials of procedures, with and without
ether, to demonstrate that alleviation of pain was a result of the
drug rather than individual pain threshold or hypnotism.

Horace Wells (1815–1848) was first in attempting to pub-
licly demonstrate general anesthesia. Wells, a dentist, knew
of the analgesic effects of nitrous oxide and used it for tooth
extractions. Understanding its effects, he attempted to demon-
strate a painless tooth extraction at Harvard Medical School
in 1845. Perhaps because of the low potency of nitrous oxide,
during the procedure the subject moved and groaned. Wells
was discredited for his display. Deeply disappointed by the
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Figure 1.1. The Ether Dome, designed by architect Charles Bulfinch, was
originally known as the Surgical Amphitheater of Massachusetts General
Hospital.

failed demonstration, he committed suicide in 1848. Neverthe-
less, his idea inspired individuals such as Morton to persist in
demonstrating the efficacy of these drugs. OnOctober 16, 1846,
Morton administered ether, allowing surgeon John Collins
Warren (1778–1856) to painlessly remove a mandible tumor
from Edward Gilbert Abbott. This event took place in the sur-
gical amphitheater at Massachusetts General Hospital, which
is now known as the Ether Dome, a designated national his-
torical landmark (Fig. 1.1). The account of the ether demon-
stration appeared the next day in the Boston Daily Journal, and
within months the discovery of surgical anesthesia was known
worldwide.

The ether controversy
Ether anesthesia proved to be controversial from the start.
Morton wanted to capitalize on the discovery and initially
refused to divulge the identity of the agent in his inhaler
(Fig. 1.2). Wells and chemist Charles T. Jackson (1805–1880),
Morton’s advisor, both claimed the discovery belonged to them.
Jackson, a Boston physician and chemistry professor, was well
aware of the failed public demonstrations of the past and had
advisedMorton to use ether rather than nitrous oxide in his his-
torical debut. For this contribution, Jackson adamantly argued
it was he who should be credited for the “idea” of administering

Figure 1.2. A replica
of Morton’s inhaler as
used at the first public
demonstration of ether
anesthesia on October
16, 1846.

Figure 1.3. Bas-relief on the Ether Monument in Boston representing a sur-
gical procedure in a hospital, with the patient under the influence of ether. To
the left, an assistant is washing his hands in a basin, denoting an appreciation
for early attempts at antisepsis.

ether-inhaled anesthesia. Wells contended that he had success-
fully administered general anesthesia with nitrous oxide on sev-
eral occasions. However, he never convincingly proved it. Long
also claimed he had demonstrated the uses of ether in rural
areas well before Morton. However, Long did not publish his
experiences until 1849, three years after Morton’s demonstra-
tion. These debates have collectively been referred to as “the
ether controversy.”

In 1868, to commemorate the first public demonstration of
ether in Boston, a monument was erected in the city’s Pub-
lic Garden. The Ether Monument, with its marble and granite
images and inscriptions, addresses universal themes such as the
suffering caused by war, the desire on behalf of loved ones to
relieve pain, and the triumph of medical science (Fig. 1.3 and
Fig. 1.4). Perhaps no other monument related to medicine is so
rich in history, controversies, and allegories. The Ether Monu-
ment, however, makes nomention of any of the claimants to the
discovery.

Acceptance of anesthesia
in theWestern world
In someways, whatmattersmost is notwho discovered anesthe-
sia, but rather where and when it was discovered. Some schol-
ars believe that a spirit of humanitarianism and political free-
dom were necessary for the development of anesthesia to occur
in the 19th century. Initially, there were religious objections to
anesthesia. Certain individuals believed it was against the will
ofGod to alleviate pain.Theuse of anesthesia in labor and deliv-
ery was particularly contentious, in part because of the “curse of
Eve,” which states, “In sorrow thou shalt bring forth children”
(Genesis 3:16). Also on biblical grounds, others supported anes-
thesia, reasoning that God himself performed the first opera-
tionunder “anesthesia”whenhe removedAdam’s rib: “TheLord
God caused a deep sleep to fall upon Adam and he slept . . . ”
(Genesis 2:21). Other objections to anesthesia were based on
morality rather than the religious implications of pain relief.
Some argued that anesthesia’s disinhibiting effects threatened
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Figure 1.4. The Ether Monument in the Boston Public Garden, with evening
illumination and working fountains.

the virtue anddecency ofwomen. In 1853,QueenVictoria effec-
tively silenced all opposition when John Snow anesthetized her
with chloroform during the birth of Prince Leopold.

Chloroform
Because ether was such a safe anesthetic, its administration
was relegated largely to nonphysicians in the United States,
whereas in England chloroform quickly became the anesthetic
of choice. This preference might have arisen out of a sense
of national pride, being that ether anesthesia was introduced
in America, which had relatively recently gained its indepen-
dence. Chloroform, amore dangerous drug than ether, required
more skillful and careful titration. The resulting challenges of
chloroform administration attracted the attention of brilliant
physicians and investigators, including the Scottish obstetrician
James Young Simpson (1811–1870) and the English anesthetist
John Snow (1813–1858). This may explain why there were few

developments in anesthesia within the United States for many
decades after the introduction of ether while in Britain, great
progress was made.

Modern inhaled anesthetics
The search for an ideal inhaled anesthetic led to the intro-
duction of many chemicals, including ethyl chloride, ethylene,
cyclopropane, and other volatile agents, during the first half
of the 20th century. However, their use faded because of var-
ied disadvantages, such as strong pungency, weak potency, and
flammability. These agents soon were replaced by fluorinated
hydrocarbons. Fluorinationmade inhaled anestheticsmore sta-
ble, less combustible, and less toxic. In 1951, halothane was rec-
ognized as a superior anesthetic over its predecessors. In the
1960s, methoxyflurane was popular for a decade, until its dose-
related nephrotoxicity discouraged its use. Enflurane and its
isomer, isoflurane, were introduced in 1963 and 1965, respec-
tively. Enflurane’s popularity was limited after it was shown to
produce cardiovascular depression and seizures. Isoflurane was
more difficult to synthesize and purify than enflurane. How-
ever, once the purification process was refined and further trials
proved its safety, isoflurane was marketed in the late 1970s and
remains a popular anesthetic. For 20 years, no further devel-
opments occurred until the release of desflurane in 1992 and
sevoflurane in 1994. Today, these three agents, in addition to
nitrous oxide, constitute the mainstay of inhalation anesthetics.

Regional anesthesia
Although chloroform and ether provided analgesia for obstet-
ric pain, disadvantages such as inadequate uterine contractions
and neonatal respiratory depression were noted. The invention
of the hollow needle in 1853 by Alexander Wood allowed for
the development of regional anesthesia techniques as an effec-
tive alternative to inhaled anesthetics.

In 1884, Carl Koller (1858–1944), an ophthalmologist,
introduced the use of cocaine for ophthalmic surgery. Within
a year of his reports, injections of cocaine were described to
anesthetize nerve trunks and the brachial plexus by William
S. Halsted (1852–1922). The idea of spinal anesthesia first
was conceived in 1885 by a neurologist, Leonard Corning
(1855–1923). Although his writings described the administra-
tion of cocaine, the injection was extradural rather than in
the subarachnoid space. Corning’s technique was improved by
the German physician Heinrich Quincke (1842–1922), who
described the level below which it was safest to perform a lum-
bar puncture. In 1899, using Quincke’s technique, August Bier
(1861–1949) performed the first spinal anesthesia for a surgi-
cal procedure. The Swiss obstetrician Oscar Kreis recognized
the advantages of regional anesthesia in obstetrics and admin-
istered the first spinal anesthesia for control of labor pain at the
start of the 20th century.

Early cases of regional anesthesia were noted to have side
effects, such as high incidences of postdural puncture headache,
vomiting, and the propensity for the those administering it to
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become addicted to cocaine. The addictive nature of cocaine
and its toxicity led to the discovery of safer local anesthet-
ics, such as procaine in 1905 and lidocaine in 1943. In 1940,
the introduction of continuous spinal anesthesia was credited
to William T. Lemmon, who advocated the administration of
repeated small doses of procaine through a malleable needle
connected to a rubber tubing and syringe. Four years later,
Edward Tuohy (1908–1959) of the Mayo Clinic introduced two
importantmodifications: the invention of the Tuohy needle and
the idea of threading a catheter into the epidural space for incre-
mental doses of local anesthetics. A technique for locating the
epidural space was made popular by the writings of Achille M.
Dogliotti (1897–1966), who identified it using the “loss of resis-
tance.”

Over the past 60 years, intrathecal and epidural adminis-
tration of local anesthetics, opioids, and steroids has become
commonplace for analgesia throughout the course of labor
and for managing chronic pain. The development of plexus
blocks and other regional anesthesia techniques progressed to
incorporate the use of nerve stimulators and ultrasound to
facilitate locating nerves, thus enhancing the quality of the
block.

Neuromuscular blocking agents
Neuromuscular blocking agents were introduced into anes-
thetic practice nearly a century after the administration of
inhalational anesthesia. Curare, the first isolated neuromuscu-
lar blocking agent, originally was used in hunting and tribal
warfare by natives of South America. Curare alkaloid extracts
from lianas (vines) were applied to arrow darts, which natives
propelled using blowguns to poison their prey. Accounts of
these Amazon jungle poisons by 16th century Spanish conquis-
tadores intrigued the European medical community and trig-
gered early experiments on animals, which determined that the
agent paralyzesmuscle function.The collaborativework of Ben-
jamin Brodie (1783–1862) and Charles Waterton (1783–1865),
demonstrated that animals injected with curare could sur-
vive with artificial ventilation. In 1857, Claude Bernard (1813–
1878), a French physiologist, determined that the effect of the
drug was located in neither the nerve nor the muscle, but at the
junction of the two. Initially, therewere limitedmedical applica-
tions for curare, such as ameliorating muscle spasms caused by
tetanus, reducing trauma during seizure therapy, and treating
Parkinson-likemuscle rigidity. However, with the advent of tra-
cheal intubation andmechanical ventilation, the use of curare to
prevent laryngospasm during laryngoscopy or to relax abdom-
inal muscles during surgery remarkably altered the practice of
anesthesia.

On January 23, 1942, the drug form of curare, intocostrin,
was introduced into anesthesia practice by anesthesiologist
Harold R. Griffith (1894–1985) and his resident, Enid John-
son, at Montreal Homeopathic Hospital. The facilitation of
tracheal intubation and abdominal muscle relaxation pro-
duced by intocostrin during cyclopropane anesthesia heralded

a new era for neuromuscular blocking agent development.
Subsequent muscle relaxants, such as gallamine, decametho-
nium, andmetocurine, were studied. However, their popularity
was limited because of undesirable autonomic nervous system
effects. In 1949, succinylcholine, a depolarizing neuromuscular
agent, was synthesized by Nobel laureate Daniel Bovet (1907–
1992). Nondepolarizing neuromuscular drugs, such as the
aminosteroids pancuronium, vecuronium and rocuronium
and the benzylisoquinoliniums atracurium and cis-atracurium,
were introduced in the late 20th century.

Intravenous anesthetics
The first intravenous induction agent was phenobarbital, a bar-
biturate synthesized by Emil Fischer (1852–1919) and Joseph
von Mering in 1903. As a hypnotic, phenobarbital caused
prolonged periods of unconsciousness and slow emergence.
Hexobarbital, a short-acting oxybarbiturate, was introduced
in 1932 but was subsequently replaced by a sulfated barbitu-
rate, thiopental, a potent agent with rapid onset of action and
few excitatory side effects. In 1934, both Ralph Waters (1883–
1979) at the University of Wisconsin and John Lundy (1894–
1973) at the Mayo Clinic successfully administered thiopen-
tal as an intravenous anesthetic agent. Furthermore, John
Lundy’s continued research on intravenous anesthetics popu-
larized its use in clinical practice. His concept of “balanced
anesthesia” emphasized combining multiple anesthetic drugs
and techniques to provide hypnosis, muscle relaxation, and
analgesia. This approach led to the optimization of operat-
ing conditions and reduction of side effects, thereby making
anesthesia administration safer for patients. The widespread
use of thiopental stimulated the development of other classes
of intravenous hypnotics, including ketamine (1962), etomi-
date (1964), and propofol (1977). Benzodiazepines, opioids,
antiemetics, and other drugs have enriched the intravenous
pharmacologic armamentarium, and their combined use
represents an extension of Lundy’s approach of balanced
anesthesia.

Anesthesiology as amedical specialty
The field of anesthesiology as a recognized medical specialty
developed gradually in America during the 20th century.
For decades, formal instruction in anesthesia was nonexistent
and the field was practiced only by a few self-taught indi-
viduals. In the 1910s, Ralph Waters described the environ-
ment he encountered in which nurses administered anesthesia
because there were few physicians trained as proficient anes-
thetists. He advocated the development of dedicated anesthe-
sia departments and training programs. Subsequently, several
anesthesiologists, including Thomas D. Buchanan and John
Lundy, established anesthesia departments at New York Med-
ical College and the Mayo Clinic, respectively. The first anes-
thesiology postgraduate training program was established by
Waters at the University of Wisconsin–Madison in 1927. His
department was a milestone in establishing anesthesiology
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within a university setting. Waters’s influence in anesthesi-
ology determined the commitment of this specialty to edu-
cation and research. Successful application of the Wisconsin
model was best reflected by the work of Waters’s aca-
demic descendants, such as Emery Rovenstine at New York’s
Bellevue Hospital and Robert Dripps at the University of
Pennsylvania.

Modern anesthesiology practice
Although advances were made in the early 1900s, including
Sir Robert Macintosh’s and Sir Ivan Magill’s contributions to
airway management, the modern practice of anesthesiology
evolved in the latter half of the 20th century with an emphasis
on safety. In 1985, theAnesthesia Patient Safety Foundationwas
established with a mission “to ensure that no patient is harmed
by anesthesia.”The introduction of additionalmonitoring tools,
such as capnometry and pulse oximetry, remarkably decreased
mortality rates during anesthesia. The refinements in current
anesthesia delivery systems would have been unimaginable for
anesthesiologists of yesteryear.

Today, the practice of anesthesiology in the United States
depends on guidelines provided by the American Society of
Anesthesiologists (ASA). The stated goals of this professional
organization are to establish “an educational, research and sci-
entific association of physicians organized to raise and main-
tain the standards of anesthesiology and to improve the care of
patients.”

The history of anesthesiology is vast and complex; this chap-
ter is meant to serve as a brief overview.The best repository for
documents and artifacts relating to the history of anesthesia is

theWoodLibrary–MuseumatASAheadquarters in ParkRidge,
Illinois.
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Part 1 Preoperative Care and Evaluation
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Chapter

2 Preoperative anesthetic assessment
Sohail K. Mahboobi and Sheila R. Barnett

The preoperative assessment is a vital part of any procedure
requiring anesthesia. The assessment itself may vary consider-
ably, from a simple interview and limited physical examination
on the day of surgery to an extensivemedical evaluation includ-
ing invasive cardiac testing and radiologic examinations weeks
in advance of the surgery. The choice and type of the preop-
erative assessment depend on several variables, including the
patient’s age and medical history as well as the type and degree
of risk of procedure planned. Patient and physician preferences
should also be considered.

The preoperative assessment
Preoperative assessment provides an evaluation of the patient’s
anesthetic risk from the proposed procedure and allows rec-
ommendations to be made that may minimize risk and ensure
a smooth transition from surgical booking to the operating
room and beyond. Recommendations may include further test-
ing, consultations, adjustments of medication, or simply reas-
surance and a consequent reduction of anxiety. Practically, the
preoperative assessment may also identify special needs, such
as the need for a latex-free environment, special blood prod-
ucts, interpreters, or airway equipment. Failure to plan for these
needs may lead to surgical delays. In addition, instructions for
fasting and medications, as well as expectations for the day
of surgery and postoperative course, should all be provided
(Fig. 2.1).

A preoperative assessment should include a medical his-
tory focusing on active medical issues, medication usage and
past anesthetic and surgical experiences, a limited physi-
cal examination, an airway assessment, and additional test-
ing as indicated. The anesthetic risk is derived from the
knowledge of the patient and the surgery. The preopera-
tive interview should include a discussion with the patient
about the risks and benefits of different anesthetic techniques.
Informed consent for anesthesia administration should be
obtained. There are several alternative approaches to preoper-
ative assessment (primary physician clearance, telephone inter-
view, preoperative health survey, Internet health quiz), and the
choice depends on hospital resources and the type of surgical
facility.

The preoperative history
The preoperative history includes a thorough systematic review
of the patient’s medical problems, including an evaluation of
available medical information. Organ systems and selected dis-
orders that have particular impact preoperatively are briefly
reviewed, highlighting major issues that should be covered in
the course of a preoperative assessment.

Cardiovascular system
Cardiovascular complicationsmay result in significantmorbid-
ity and mortality, and a thorough preoperative assessment of
cardiovascular status should be part of any routine preopera-
tive evaluation. Questions should be directed at assessing the
status of current cardiac problems and eliciting evidence sug-
gesting occult cardiac disease. A complete cardiovascular his-
tory also includes assessment of functional capacity (Table 2.1)
and ascertains whether symptoms that may indicate significant

Figure 2.1. Goals of preoperative assessment
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Table 2.1. Functional assessment scale

1 MET Can you take care of yourself?
Eat dress, use the toilet?
Walk indoors around the house?
Walk 1–2 blocks on level ground at 2–3 mph?
Do light housework?

4 MET Climb a flight of stairs?
Carry groceries?
Walk on level ground at 4 mph?
Run a short distance?
Do heavy housework?
Do moderate sports – golf, dance, doubles tennis?

10 MET Play competitive sports?
Play singles tennis?
Ski?

cardiac disease are present. Details about past cardiac events
and testing should be requested and reviewed. Past electrocar-
diograms (ECGs) are critical to obtain in patients found to have
an abnormal ECG.

Functional capacity
Functional capacity may be assessed from a careful history in
the form of metabolic equivalents. The metabolic equivalent of
task (MET), or simplymetabolic equivalent, is a physiologic con-
cept expressing the energy cost of physical activities as mul-
tiples of resting metabolic rate. MET is defined as the ratio
of metabolic rate (and therefore the rate of energy consump-
tion) during a specific physical activity to a reference metabolic
rate at rest, set by convention to 3.5 ml O2/kg/min or equiva-
lently, 1 kcal (or 4.184 kJ)/kg/h. By convention, 1 MET is con-
sidered the resting metabolic rate obtained during quiet sitting.
Patients unable to meet a 4-MET standard are at increased risk
for perioperative cardiac risk. Daily activities, such as eating,
dressing, walking around the house, and dishwashing, range
from 1 to 4 METs. Climbing one flight of stairs, walking on
level ground at about 6 km/h, running a short distance, or play-
ing a game of golf range from 4 to 10 METs. Playing tennis,
swimming, and playing football exceed 10METs.This is helpful
in assessing cardiac risk and planning preoperative testing
(Table 2.1).

The decision to send a patient for further cardiac evalua-
tion is complex and includes consideration of patient comor-
bidities as well as the level of risk of the planned procedure.
The guidelines written by the American College of Cardiol-
ogy (ACC) and the American Heart Association (AHA) have
updated recently and provide excellent algorithms for guidance

in this regard along with various levels of evidence (Table 2.2,
Fig. 2.2). Briefly, emergent surgical procedures may not allow
further cardiac assessment or treatment. In this case only
perioperative medical management and recommendations are
required. The patients who are having nonemergency proce-
dures should be evaluated for the presence of active cardiac con-
ditions (Table 2.3). The presence of any of these active cardiac
conditions warrants further evaluation prior to procedures of
even the lowest risk. If none of these active conditions exists,
the patient’s functional status should then be assessed.

According to these guidelines, if the patient’s functional sta-
tus is good (�4 MET), even higher-risk procedures (Table 2.4)
may be undertakenwithout further cardiac noninvasive testing.
If the functional status is inadequate or cannot be obtained, the
presence of five clinical risk factors, as defined by these guide-
lines, should be ascertained.These clinical risk factors include a
history of ischemic cardiac disease, a history of compensated
or prior heart failure, diabetes, renal insufficiency, and cere-
brovascular disease (Table 2.5). If three or more of these factors
are present, and vascular or higher-risk procedures are being
contemplated, further cardiac noninvasive testing may be war-
ranted if it is felt this will affect management. Table 2.6 sum-
marizes recommendations for noninvasive stress testing before
noncardiac surgery.

Adequate �-blockade should be established perioperatively,
if indicated. The recommendations are same for the patients
with one or more risk factors going for high-risk vascular or
intermediate risk surgery. Patients with no risk factors can pro-
ceed with the planned procedure. According to the AHA/ACC
guidelines only two groups should bemandated for�-blockade:
vascular patients with recent positive provocative cardiac test-
ing (based on Poldermans 1999) and patients already taking
�-blockers. Other than that, � blockers are probably recom-
mended for intermediate risk or vascular surgical procedures
with the presence of more than one clinical risk factor. Their
usefulness is uncertain for patients with no or one risk factor
and not already on� blockers. Similarly, patients already receiv-
ing calcium channel blockers should continue these medica-
tions, including on the day of surgery. Patients taking statins
should continue doing so because this has been linked to
fewer perioperative cardiac events and improved outcome, pre-
sumably by modulating inflammatory pathways. The optimal
time for initiation and duration of perioperative statin therapy
remains unclear.

There are significant numbers of patients with a history
of percutaneous coronary intervention (PCI) in the form

Table 2.2. Levels of evidence

Class I Class IIa Class IIb Class III
Benefit >>> risk
Procedure/ treatment should
be performed/ administered

Benefit >> risk
Additional studies required
It is reasonable to perform
procedure/ administer
treatment

Benefit ≥ risk
Additional studies required
Procedure/ treatment may be
considered

Risk ≥ benefit
No additional studies needed
Procedure/ treatment should
not be performed/
administered because it is not
helpful and may be harmful
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Table 2.3. Active cardiac conditions as defined by ACC/AHA 2007
guidelines

Unstable coronary syndromes
Unstable or severe angina
May include stable angina in unusually sedentary patients
Recent myocardial infarction (within 30 d)

Decompensated heart failure, worsening or new-onset heart failure

Significant arrhythmias
Mobitz II atrioventricular block
Third-degree atrioventricular block
Symptomatic ventricular arrhythmias
Supraventricular arrhythmias with uncontrolled ventricular rate
Symptomatic bradycardia

Severe valvular disease
Severe aortic stenosis (mean pressure gradient > 40 mm Hg, aortic valve
area < 1.0 cm2, or symptomatic)

Symptomatic mitral stenosis

Table 2.4. Cardiac risk for noncardiac surgery

High risk (>5%)
Intermediate risk
(<5%) Low risk (<1%)

Emergency Carotid endarterectomy Endoscopic surgeries
Aortic and major

vascular
Head and neck Superficial procedures

Peripheral vascular Intraperitoneal and
intrathoracic

Cataract surgery

Lengthy procedures
with major blood
loss or fluid shifts

Orthopedic Breast procedures

Prostate

Step 1

Step 2

Step 3

Step 4

Step 5

Need for emergency
noncardiac surgery?

Active cardiac
conditions*

No

No

No

Low risk surgery

Functional capacity
greater than or equal to 4 METs without

symptoms‡

No or unknown

Yes
(Class IIa, LOE B)

Proceed with
planned surgery§

Yes
(Class I, LOE B)

Class I,
LOE B

Yes
(Class I, LOE B)

Yes
(Class I, LOE C)

3 or more clinical
risk factors||

Vascular surgery

1 or 2 clinical
risk factors||

Intermediate
risk surgery

Consider testing if it will
change management¶

Class IIa,
LOE B

Vascular surgery
Intermediate risk

surgery

No clinical
risk factors||

Proceed with
planned surgery†Proceed with planned surgery with HR control¶ (Class IIa, LOE B)

or consider noninvasive testing (Class IIb, LOE B) if it will change management

Evaluate and treat per
ACC/AHA guidelines

Proceed with
planned surgery†

Consider
operating room

Operating room
Perioperative surveillance

and postoperative risk
stratification and risk factor

management

Figure 2.2. Cardiac evaluation and care algorithm for noncardiac surgery based on active clinical conditions, known cardiovascular disease, or cardiac risk factors
for patients ≥ 50 years of age. ∗See Table 2.3 for active clinical conditions. †See class III recommendations in Table 2.6, Noninvasive Stress Testing. ‡See Table 2.1
for estimated MET level equivalent. §Noninvasive testing may be considered before surgery in specific patients with risk factors if it will change management.
‖Clinical risk factors include ischemic heart disease, compensated or prior heart failure, diabetes mellitus, renal insufficiency, and cerebrovascular disease. Consider
perioperative β-blockade for populations in which this has been shown to reduce cardiac morbidity/mortality. HR, heart rate; LOE, level of evidence. (Modified
from Fleisher LA, et al. ACC/AHA 2007 Guidelines on Perioperative Cardiovascular Evaluation and Care for Noncardiac Surgery: Executive Summary: A Report of the
American College of Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation 2007; 116:1971–1996.)
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Table 2.5. Patient clinical risk predictors

Clinical risk factors (formerly
known as intermediate risk
factors)

Minor risk predictors (have
not been proven to
increase perioperative risk
independently)

Advanced age
History of ischemic heart disease Abnormal ECG

� LV hypertrophy
� Left bundle-branch block
� ST-T abnormalities

History of compensated or prior HF
Diabetes mellitus
Renal insufficiency
History of cerebrovascular disease Rhythm other than sinus

Uncontrolled systemic
hypertension

MI, myocardial ischemia; HF, heart failure.

of balloon angioplasty, bare metal stents (BMS) or drug-eluting
stents (DES).These patients require antiplatelet therapy to avoid
thrombosis. According to AHA/ACC recommendations at least
four weeks of antiplatelet therapy (clopidogrel) is required for
patients with BMS and 12 months of dual antiplatelet ther-
apy (aspirin and clopidogrel) is required for patients with DES.
Surgeries during this period of antiplatelet therapy pose a seri-
ous challenge. Recommendations are to delay the planned sur-
gical procedures for at least 14 days after balloon angioplasty,
30 to 45 days after BMS placement and 365 days after DES
placement. After these periods one can proceed to the operating
room with continuation of aspirin (Figure 2.3).

A history of hypertension is common, affecting more than
50% of adult Americans. The preoperative assessment in a
patient with hypertension should elicit any history of end-organ
disease. Ischemia, myocardial infarction, diastolic dysfunction,
renal failure, and cerebrovascular disease all may be conse-
quences of untreated hypertension. Although blood pressure
should optimally be controlled at the time of the preoperative
visit, the literature suggests there are no absolute contraindica-
tions based on systolic or diastolic values that necessitate can-

Table 2.6. Recommendations for noninvasive stress testing before
noncardiac surgery

Class I Patients with active cardiac conditions in whom
noncardiac surgery is planned should be evaluated and
treated per ACC/AHA guidelines before noncardiac
surgery

Class IIa Noninvasive stress testing of patients with 3 or more
clinical risk factors and poor functional capacity (less than 4
METs) who require vascular surgery is reasonable if it will
change management

Class IIb Noninvasive stress testing may be considered for patients
with at least 1 to 2 clinical risk factors and poor functional
capacity (less than 4 METs) who require intermediate-risk
or vascular surgery if it will change management.

Class III � Noninvasive testing is not useful for patients with no
clinical factors undergoing intermediate-risk
noncardiac surgery

� Noninvasive testing is not useful for patients
undergoing low-risk noncardiac surgery

cellation of an elective procedure. If a patient is seen in the
preoperative clinic with poorly controlled hypertension and
enough time exists before the procedure, the primary care
physician should be contacted to attempt to achieve bettermed-
ical management.

Pulmonary disease
Chronic pulmonary conditions may increase the risk of post-
operative respiratory failure. History taking in patients with
chronic obstructive pulmonary disease or asthma should
include questions about the type of disease, duration, therapy,
and baseline condition. Recent interventions, such as hospital-
ization, intubation, or changes inmedications, such as the addi-
tion of steroids or antibiotics, should be documented. Patents
may need a steroid pulse prior to surgery, require antibiotics for
an acute bacterial process, or they may need arrangements for
postoperative chest physiotherapy. Current symptoms may
restrict the choice of anesthetic options; for instance, a case

Balloon
angioplasty

Bare-metal 
stent

Drug-eluting 
stent

Delay for elective or 
nonurgent surgery

>14 days<14 days

Proceed to the 
operation room 

with aspirin

Delay for elective or 
nonurgent surgery

<30-45 days>30-45 days

Proceed to the 
operating room 

with aspirin

<365 days

>365 days

Previous PCI

Time since PCI

Figure 2.3. Proposed approach to the man-
agement of patients with previous percutaneous
coronary intervention (PCI) who require non-cardiac
surgery. (Modified from Fleisher LA, et al. ACC/AHA
2007 Guidelines on Perioperative Cardiovascular
Evaluation and Care for Noncardiac Surgery: Exec-
utive Summary: A Report of the American College
of Cardiology/American Heart Association Task
Force on Practice Guidelines. Circulation 2007;
116:1971–1996.)
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generally requiring sedation may necessitate the use of general
anesthesia in patients with intractable coughing.

Sleep apnea has been associated with poorer postoperative
outcomes and increased incidence of apnea and respiratory fail-
ure, especially with the administration of opioids. A history
of snoring (confirmed by a partner), hypertension, chronic
fatigue, and obesity are all associated with significant sleep
apnea. It is becoming increasingly common to refer patients
with possible sleep apnea for sleep studies and possible inter-
vention preoperatively, to minimize the risk of postoperative
apnea. Patients who wear continuous positive airway pressure
masks should be instructed to bring the mask with them on the
day of surgery.

Airway history frequently is included as part of the pul-
monary assessment. If there has been a prolonged intubation
or tracheotomy in the past, it is valuable to elicit information
regarding etiology and history (for example, whether trauma
or pneumonia was a precipitating factor). Residual damage
such as symptomatic tracheal stenosis is important to docu-
ment because the presence of significant stenosis may influ-
ence the choice of anesthetic technique. A history of a difficult
intubation should be accompanied by an attempt to retrieve
medical records and communicate the issues to the anesthetiz-
ing team. During the preoperative interview, it may be neces-
sary to spend extra time with patients explaining the goals and
procedures surrounding an awake intubation in simple, reas-
suring language to allow for informed consent and to reduce
anxiety.

Gastrointestinal system
Aspiration may result in devastating complications during
anesthesia. A positive history of severe, positional reflux may
result in a change in the anesthetic plan. For example, endotra-
cheal intubation may be used in cases in which use of a laryn-
geal mask airway would have been an option. The history of
reflux should be carefully documented, and current symptoms
and their severity should be quantified. The frequency of the
reflux symptoms, the impact of treatment if prescribed, and the
onset of symptoms during the nightwhile the patient is lying flat
may help distinguish true reflux from the much more common
postprandial.

Obesity increases anesthesia risks. In the obese patient, it
is valuable to record recent weight changes, body mass index,
intubation challenges in the past, and comorbid conditions such
as hypertension, diabetes, and sleep apnea. A further impor-
tant consideration is the practical impact of the patient’s weight.
These patients may require special equipment in the operating
room, including large blood pressure cuffs, wide stretchers, and
larger operating room beds.

Neurologic system
Numerous neurologic conditions may affect anesthetic admin-
istration. For any patient with a neurologic condition, the
diagnosis, medications, and status of current symptomatology

should be carefully documented. Many neurologic disorders,
especially when severe, have an impact on respiratory sta-
tus. In patients with epilepsy, preoperative assessment should
include a description of the seizure type and frequency. Med-
ications should be continued throughout the perioperative
period. Many seizure medications are not available as intra-
venous formulations, so it is necessary to plan for therapy dur-
ing prolonged periods when the patient is unable to take oral
medicines.

Cerebrovascular disease is common, especially in older
patients with peripheral vascular disease and diabetes. If a
patient had a prior cerebrovascular accident, it is important
to document baseline functional and neurologic impairments.
Advanced dementia may prevent the clinician from obtaining
a medical history or an informed consent. In such case, an
arrangement for a family member or health care proxy will be
needed to help obtain the preoperative assessment, and their
presence may be needed on the day of surgery. Other less
common diseases, such as multiple sclerosis, require a brief
description of the symptoms during a relapse and residual dam-
age. Some neurologic diseases, such as myasthenia gravis and
myotonic dystrophy, carry significant risks from anesthesia;
in these instances, clear documentation and recent neurologic
evaluation may be valuable adjuncts to the standard preopera-
tive assessment. Spinal cord injury patients often undergo mul-
tiple operations and present many anesthetic challenges. At a
minimum, the history should include the level of the lesion,
residual damage, and the history of hypertensive crises during
procedures.

Endocrine system
Diabetesmellitus is themost common endocrinopathy encoun-
tered preoperatively and is associated with many comorbid
conditions that increase anesthetic risk. In addition to a descrip-
tion of the type of diabetes and the insulin status, a detailed
history should be obtained in all diabetic patients to search for
occult cardiac disease, renal impairment, or end organ damage.
The hemoglobin A1c level can be used to establish the degree
of control. Diabetic comas due to diabetic ketoacidosis are rare
but represent an important part of the history of the disease,
suggesting poor (“brittle”) control and increasing anesthetic
challenges. Insulin pumps are becoming more popular for
insulin-dependent diabetics. In general, the basal rate of these
devices is continued perioperatively, and additional insulinmay
be added as necessary.

Renal system
Chronic kidney disease affects more than 20 million adults
in the United States. Chronic renal failure is a complex sys-
temic disease that may result from many conditions; diabetes
mellitus, hypertension, and glomerulonephritis are among
the most common causes. For patients on dialysis, the fre-
quency and mode of administration of dialysis should be
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documented, including a plan for timing of dialysis perioper-
atively. Volume control is a critical issue in dialysis patients,
and the preoperative history should include documentation
of volume overload or dialysis-related problems, such as
hypotension.

Hepatic system
Both acute and chronic liver disease may increase the risk of
surgery. For patients with liver disease, it is important to doc-
ument the etiology; for example, whether liver disease is infec-
tious, neoplastic, or alcoholic in origin. End-stage liver disease
may manifest with ascites, coagulopathies, and encephalopa-
thy, resulting in significant alterations in drug distribution and
metabolism.

Reproductive system
Women of childbearing age should be asked if there is any
chance of pregnancy, and the date of their last menstrual period
should be documented. The literature suggests that routine
pregnancy testing is not warranted in patients who are reliable
historians.

Rare diseases
Rare illnesses and conditions may require a more detailed his-
tory and communication with the patient’s primary physician
or specialist. Ideally, these evaluations should be coordinated in
advance through the surgeon’s office and the preoperative test-
ing clinic.This will provide adequate time for additional studies
and communication with the assigned anesthesiologist.

Family history
Malignant hyperthermia is a familial disease, and all preop-
erative assessment discussions should attempt to rule out any
disposition for malignant hyperthermia. Other familial dis-
eases relevant to anesthesia include pseudocholinesterase defi-
ciency, which may be suggested by a history of unexplained
prolonged weakness or postoperative intubation in otherwise
healthy patients. In the event of a positive history of anesthetic
issues, efforts should bemade to obtain prior anesthetic records
in advance of the surgery.

Anesthetic history
The anesthetic history is a key feature of the preoperative
assessment. A patient’s prior anesthetic experience is extremely
important and will greatly influence the patient’s attitude
(reduce anxiety) toward the upcoming surgery. The history
should include a discussion of prior operations, including the
type and approximate dates. A history of difficult intubation,
prolonged weakness, or intubation should be clearly docu-
mented. Prior postoperative nausea or vomiting may predict
future difficulties. Other issues thatmay arise during the discus-
sion include anxiety regarding poor venous access and various

fears surrounding anesthesia, such as a mask “phobia” or claus-
trophobia.

Allergies and social habits
Documentation of allergies must include the drug and the reac-
tion. A thorough history can sometimes help distinguish a true
allergy from a benign reaction or side effect. The preoperative
assessment should include details about alcohol intake, smok-
ing, and illegal drug use. A history of drug abuse and alco-
holism may result in increased tolerance to anesthetic agents
and the potential for unexpected withdrawal following the
surgery.

Medications
A detailed list of medications and dosing schedule is part of
the preoperative assessment. It is important to document both
prescribed and nonprescribed medications, including vitamins
and other supplements. The generic names of drugs should be
used and the indications recorded. In general,mostmedications
should be continued until the night before surgery. Although
there are no clear data on interactions, most institutions recom-
menddiscontinuing all alternative and complementarymedica-
tion supplements prior to the procedure.

Patients on anticoagulants should not have these medica-
tions discontinued without a discussion with the cardiologist
or primary care physician prescribing them. In addition, the
prescribing physician needs to be made aware of the patient’s
upcoming procedure so that they can ensure that medication
is appropriately restarted postoperatively. On the morning of
surgery, patients may be advised to hold diuretic medication
and nonessential medications and supplements. Angiotensin-
converting enzyme inhibitors may result in significant vasodi-
latation and hypotension after anesthetic induction; holding
these medications on the day of surgery has been previously
recommended but is now generally done only prior to car-
diac surgery. Short-acting insulin is generally held on the
morning of surgery, and long-acting insulin is continued at
the usual or a reduced (typically half of usual) dose. Chronic
pain medication use may result in significant tolerance and
create difficulties with pain management in the postoperative
period.

Physical examination
A general assessment of the patient is invaluable. Is the patient
healthy looking despite a complicated history? Is the pati-
ent frail and cachectic?Howanxious is the patient? Is the patient
able to give his or her own history? These types of observa-
tions can help the anesthesia team prepare for their patient
encounter.

The physical examination for a preoperative assessment
is a targeted examination focusing on the airway and car-
diopulmonary system. Blood pressure, pulse, respiratory rate,
height, and weight are recorded. Obtaining resting oxygen
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saturation is recommended, especially in patients with a his-
tory of cardiopulmonary illness. Auscultation of the heart and
lungs should be done to document the presence or absence
of murmurs, abnormalities in cardiac rhythm, and abnormal
lung sounds. A brief baseline neurologic examination also is
recommended. An examination of the back or the proposed site
is recommended if a neuraxial or regional technique is con-
templated, as scoliosis and kyphosis may be otherwise unap-
preciated.

The airway examination should include an assessment of the
maximal mouth opening, ability to visualize posterior pharyn-
geal structures, condition of dentition, degree of neck mobility,
and submandibular distance. The presence of prominent
incisors, loose or missing teeth, full beard, large tongue, facial
and neck obesity, cervical disease, and prior tracheal surgery,
neck surgery, or radiation may all contribute to difficult airway
management.

Preoperative testing
Many studies have demonstrated that preoperative laboratory
testing should be directed by the type of surgery planned and
the patient’s medical status. Routine screening has not been
shown to be advantageous andmay lead to excessive cost as well
as potential morbidity for further investigation of false-positive
results.

A hemoglobin or hematocrit test is indicated if the surgery is
associated with significant blood loss potential or if the patient
has a complex systemic disease resulting in anemia. Elevated
hemoglobin from hemoconcentration may suggest a dehy-
drated patient. Platelet counts are indicated in patients with
a history of low platelets or a disease associated with dimin-
ished platelets, such as preeclampsia. Bleeding time is usually
not performed as a preoperative screening indicator of platelet
function. Coagulation studies are indicated in patients with sig-
nificant liver disease or known coagulopathic conditions. Gen-
erally, patients on anticoagulants such as warfarin should have
coagulation studies repeated on the morning of the procedure
if warfarin has been discontinued so that normal coagulation
parameters can be documented.

Healthy ambulatory patients or those with mild to moder-
ate systemic disease such as hypertension do not need routine
electrolyte testing. Patients with chronic renal failure should
have electrolytes, blood urea nitrogen, and creatinine tested
prior to any significant surgery. Renal dialysis patients should
have their potassium tested immediately prior to surgery. An
electrocardiogram (ECG) should be obtained in patients with
cardiac risk factors and a history of cardiac disease. Many insti-
tutions use 50 or 60 years as the age at which screening ECGs
are required, but there is no definitive recommendation in this
regard. A prior ECG within 3 to 6 months of the surgery in the
absence of any ongoing symptoms or changes in cardiac status is
generally acceptable. Chest radiographs are not recommended
preoperatively unless directed by the history or underlying
diagnosis.

Table 2.7. ASA Physical status classification system

ASA Physician Status 1 - A normal healthy patient
ASA Physician Status 2 - A patient with mild systemic disease
ASA Physician Status 3 - A patient with severe systemic disease
ASA Physician Status 4 - A patient with severe systemic disease that is a

constant threat to life
ASA Physician Status 5 - A moribund patient who is not expected to

survive without the operation
ASA Physician Status 6 - A declared brain-dead patient whose organs are

being removed for donor purposes

A “type and screen” should be done prior to surgeries with
a potential for significant blood loss. The presence of antibod-
ies may make it difficult and time consuming to find compati-
ble products. Patients may choose to provide autologous blood
or donor-specific blood products. These patients should be
referred to the blood bank in advance of the scheduled surgery
to arrange for donation, as several weeks may be necessary to
complete these arrangements. Some patients may refuse blood
products for religious or personal reasons. In these instances,
the reasons and optionsmust be carefully reviewed and alterna-
tives, such as the use of a cell saver and administration of albu-
min, explicitly discussed and documented.

American Society of Anesthesiologists
classification
After the completion of the preoperative assessment, the anes-
thesiologist assigns an American Society of Anesthesiologists
(ASA) classification (Table 2.7). This reflects the patient’s con-
dition and underlying disease complexity. Although the classifi-
cation is not intended as a measure of risk per se, patients with
higher ASA classifications often carry independent diagnoses
that lead to increased risk from surgery. An E is added to the
physical classification to designate a patient in whom surgery
is emergent. The ASA physical classification system is a useful
way to communicate about patients and is used by health care
providers in other disciplines as well.

Consent and instructions
An important part of the preanesthetic interview is the discus-
sion with the patient about potential risks and benefits of the
potential anesthetic options, as well as a preliminary plan for
the anesthesia. The final choice of anesthetic can be made only
by the anesthesia team caring for the patient during the surgery.
Patients may become distressed when promised one type of
anesthesia prior to surgery and on the day of surgery find a dif-
ferent anesthesia team with an alternative recommendation.

Patients should be given instructions (Table 2.8) regard-
ing medications as well as expectations regarding the day of
procedure and postoperative recovery. At minimum, fasting
guidelines should be discussed. In many instances, written
instructions should be provided, including a contact phone
number if issues arise prior to the day of surgery. Similarly,
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Table 2.8. Preoperative instructions

Instructions should be clearly written in simple language
Instructions should be specific, avoiding vague or ambiguous terms such as

“maybe”
Directions to exact location in the hospital
Recommendations on clothing and belongings
NPO instructions – written down
Number to call with change in health

patients should receive clear instructions regarding fasting
(Table 2.9) and requirements for discharge, such as transporta-
tion home.

Inpatient interviews
The inpatient preoperative interview is now uncommon, and
patients who undergo them are usually acutely injured or have
complicatedmedical histories.The routine preoperative history
should be supplementedwith a thorough review of the inpatient
chart, as many patients will not be able to adequately explain
their hospital course. Recommendations from consultants in
specialties should be sought during the admission, if needed.
The most recent laboratory information, including radiologic
scans and cardiac testing, should be reviewed. NPO (nothing by
mouth) recommendations and recommended medications for
the day of surgery should be communicated with the nursing
and surgical teams.

Outside facilities
The preoperative assessment of institutionalized patients may
be especially challenging. It may be difficult or impractical to
require these patients to come to a hospital or facility for a pre-
operative visit. In these instances, a remote preoperative screen
may be conducted. If possible, the facility physician should pro-
vide a brief history, physical examination, and the results of
any laboratory testing done recently. These may be reviewed by
the anesthesiology team, whomay decide whether more testing
is indicated. The preoperative examination may be completed
on the day of surgery. Arrangements for consent from a legal
guardian or family member should be made in advance to pre-
vent delays on the day of surgery.

Table 2.9. ASA guidelines for NPO status preoperatively

Substance Minimum fasting period, h

Clear liquidsa 2
Breast milk 4
Infant formula 6
Nonhuman milk 6
Light meal 6
Fried or fatty foods, meat 8

a Include water, fruit juices without pulp, clear tea, carbon-
ated beverages, and black coffee.

Emergency
In extreme cases, it may not be possible to perform more than
a very brief preoperative assessment; in these instances, it is
important to prioritize the assessment. A few critical facts may
be helpful. Is there a family history of anesthetic issues, a his-
tory of difficult intubation or tracheotomy, or any allergies? A
list of medications may be available, and any laboratory testing
should be quickly reviewed.

Cancellations
Sometimes it is necessary to cancel or postpone a procedure
based on the results of the preoperative examination, which
may cause considerable stress to both the anesthesiologist and
the patient. In the event of a cancellation, the anesthesiologist
should communicate with the patient and the surgical team and
explainwhy the patient is not ready for surgery andwhat should
be done before the patient is rescheduled.This may mean a car-
diology consultation or a recommendation for an adjustment
in medications prior to the surgery. Sometimes it is possible for
additional tests and consultations to be completed prior to the
surgical date, thus avoiding a cancellation. One common cause
of day-of-surgery cancellation is a change in the patient’s sta-
tus or a new infection. To prevent these cancellations, patients
should be provided with clear guidelines of what to do if they
develop an upper respiratory infection or other illness.
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Chapter

3 Obstructive and restrictive lung disease
Shannon S. McKenna

Introduction
Asthma and chronic obstructive pulmonary disease (COPD)
are the two primary obstructive lung diseases that anesthesiol-
ogists see on a routine basis. COPD is more common, is more
insidious, and poses greater management challenges. There-
fore, this chapter focuses on COPD, with only a brief review of
asthma.

Restrictive lung disease is fairly uncommon in the operating
room setting, but does have specific implications for the anes-
thesiologist. It is reviewed briefly at the end of the chapter.

Obstructive lung disease
COPD
The significance of COPD
COPD, the most common pulmonary disease encountered in
the perioperative setting, afflicts more than 15 million Amer-
icans. COPD is now the fourth leading cause of death in the
United States. Compared with heart disease, stroke, and can-
cer, mortality from COPD is increasing rather than decreasing.
Tobacco exposure accounts for 85% of all cases.

Definition and classification of COPD
COPD is a chronic disease characterized by airflow limita-
tion that, in contrast to asthma, is not fully reversible. Typi-
cally, the airflow limitation progresses over time and is asso-
ciated with an abnormal inflammatory response in the lung.
Classic symptoms include cough, sputum production, dyspnea,
and progressive exercise intolerance. Historically, these symp-
toms were described as either chronic bronchitis or emphy-
sema.

Spirometry is used to confirm the diagnosis and classify
the severity of COPD. A postbronchodilator forced expiratory
volume in the first second of expiration (FEV1) � 80% of the
predicted value, in the setting of an FEV1/forced vital capacity
(FVC) � 70%, is an accepted criterion for confirming the pres-
ence of COPD.The staging systems currently in use classify the
severity of disease based on the percent of predicted FEV1 alone
(Table 3.1). A staging system that incorporates clinical status,
spirometry, and radiographic features of the disease would be
more clinically useful.

Pathogenesis and pathology of COPD
The pathogenesis of COPD is thought to derive from the com-
bined effects of inflammation, increased oxidative stress, and
an imbalance in the activity of proteinases and antiproteinases.
Smoking, via particulate inhalation, is a primary trigger for lung
inflammation. Genetic factors are thought to account for the
fact that not all smokers develop COPD.

Pathologic changes of COPD are present throughout the
lung and are progressive over time. In the large central air-
ways, mucous glands are enlarged; there is goblet cell hyper-
plasia, loss of cilia, and decreased ciliary function. The airway
walls are affected by inflammatory cell infiltration, accompa-
nied by increased smooth muscle and connective tissue depo-
sition. Small airways are predominantly affected by chronic
inflammation leading to collagendeposition and airway remod-
eling. Emphysema, which is characterized by enlargement of
the airspaces distal to the terminal bronchioles, develops in the
parenchyma as a result of the destruction of collagen and elastin
in alveolar walls. The pulmonary vasculature also is primarily
affected. Initial intimal hyperplasia is followed by inflammation
of the vessel wall, smooth muscle deposition, and, ultimately,
fibrosis.

Pathophysiology of COPD: the intersection of pathology
and function
The pathophysiology of COPD is complex and has a wide-
ranging impact on functional status and physiologic reserve.
Increased mucus production, with abnormal mucus clearance,

Table 3.1. Global Initiative for Chronic Obstructive
Lung Disease staging criteria

Stage Spirometry

Stage 0 (at risk) FEV1/FVC ≥ 70%
FEV1 ≥ 80%

Stage 1 (mild) FEV1/FVC < 70%
FEV1 ≥ 80%

Stage 2 (moderate) FEV1/FVC < 70%
FEV1 50%–80%

Stage 3 (severe) FEV1/FVC < 70%
FEV1 30%–50%

Stage 4 (very severe) FEV1/FVC < 70%
FEV1 < 30%
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Figure 3.1. Flow-volume curve in normal and COPD patients.

results in the chronic cough and sputum production that are
often the first clinical symptoms of COPD.

Expiratory airflow limitation is the pivotal pathophysiologic
change. Airflow limitation occurs as a result of the convergence
of multiple pathologic processes: airway inflammation and
edema, mucus accumulation, airway hyperplasia and fibrosis,
bronchospasm, and loss of radial traction as collagen and elastin
are destroyed. Expiratory flow is markedly reduced throughout
expiration, and expiratory time is increased (Fig. 3.1); hyperin-
flation occurs. Total lung capacity, functional residual capacity

(FRC), and residual volume are all increased (Fig. 3.2). The
result is diaphragmatic flattening, elevation of the ribs, and an
overall increase in the cross-sectional area of the thorax. This
places the lung at a mechanical disadvantage, causing dyspnea,
particularly with exertion – the most significant and limiting
symptom of COPD.

Gas exchange is impaired via worsened ventilation–
per-fusion (V/Q)matching.There is an increase in both physio-
logic dead space and shunt. Varying degrees of hypoxemia and
hypercarbia occur in different patients, depending on the speci-
fic V/Q distribution and an individual patient’s metabolic state.

Chronic hypoxia, combined with direct pathologic changes
in the pulmonary vasculature, ultimately results in pulmonary
hypertension. Late in COPD, as pulmonary hypertension pro-
gresses, patients may develop right ventricular dysfunction and
frank cor pulmonale.

Treatment of COPD
Treatment of chronic stable COPD
Smoking cessation is the only intervention that slows the pro-
gression of COPD. Yearly influenza vaccination has been shown
to significantly reduce morbidity and mortality and is recom-
mended for all patients with COPD. Comprehensive, multidis-
ciplinary pulmonary rehabilitation programs may provide sus-
tained improvement in exercise capacity and quality of life for
patients with all stages of COPD.

Pharmacologic management is aimed at symptom relief but
does not change the progression of disease. It is approached
in a stepwise fashion and is tailored to the individual patient’s
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Figure 3.2. Changes in lung volumes and capaci-
ties with COPD.
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Table 3.2. Commonly used bronchodilator drugs

Drug Routes Duration of action, h

β2 Agonists
Fenoterol MDI, Neb 4–6
Albuterol MDI, Neb, oral 4–6
Levalbuterol MDI, Neb 4–6
Terbutaline MDI, Neb, oral 4–6
Formoterol MDI 12
Salmeterol MDI 12

Anticholinergics
Ipratropium bromide MDI, Neb 6–8
Tiotropium MDI 24+ hours

Methylxanthines
Aminophylline IV, oral variable
Theophylline Oral variable

IV, intravenous; MDI, metered-dose inhaler; Neb, nebulizer.

response (Table 3.2). Short-acting inhaled bronchodilators are
used for symptomatic relief in early-stage COPD. For patients
with more severe COPD, long-acting inhaled bronchodilators,
especially tiotropium, improve lung function, relieve dyspnea,
and improve exercise capacity. Inhaled corticosteroids reduce
the frequency of exacerbations in patients with severe COPD
and may slightly, but not clinically significantly, slow the rate
of decline in FEV1. Use should be limited to patients with fre-
quent acute exacerbations. Recent clinical trials have focused on
combination therapy with inhaled long-acting �2 agonists and
inhaled corticosteroids. Combination therapy, in patients with
moderate to severe disease, seems to show additive benefits in
most trials.

Treatment of acute exacerbations
Acute exacerbations are often triggered by respiratory tract
infection. Accompanying symptoms may include worsened
dyspnea, wheezing, chest tightness, cough, increased sputum, a
change in sputum character, fever, and malaise. Worsened air-
flow obstruction, with acute hyperinflation, is thought to be
the primary cause of the increased dyspnea. Initial manage-
ment of acute exacerbations includes escalation of bronchodila-
tor therapy and domiciliary oxygen therapy for patients with
hypoxia. Antibiotics should be started if there is evidence of
bacterial infection. Systemic corticosteroids shorten the recov-
ery time fromacute exacerbations andmay be indicated in some
patients.

Patients with progressive hypoxemia, hypercarbia, respira-
tory distress, or evidence of new heart failure require hospital
admission. Primary management is the same as in the outpa-
tient setting. The development of progressive hypercarbia and
respiratory acidosis is associated with the highest risk of mor-
tality. Noninvasive mechanical ventilation may be particularly
effective in treating COPD exacerbations, providing a reduc-
tion in both mortality and the need for intubation. Patients
with severe acidosis, refractory hypoxemia, or respiratory arrest
require intubation and conventional mechanical ventilation.

Treatment of end-stage disease
Treatment options for advanced COPD are limited. They
include domiciliary oxygen therapy, lung volume reduction
surgery (LVRS), and lung transplantation. Oxygen therapy
increases exercise capacity and improves survival in patients
with chronic respiratory failure. It is recommended for patients
with a PaO2 �55mmHgor an arterial oxygen saturation (SaO2)
�89%. If there is evidence of pulmonary hypertension, oxygen
therapy may be provided for patients with a PaO2 �60 mmHg.

LVRS is an expensive, high-risk palliative treatment. A
recent study sponsored by the National Institutes of Health,
identified a small subset of patients who may benefit from
LVRS. These patients have upper lobe–predominant emphy-
sema with a low exercise capacity. Several risk factors for poor
outcome also were identified. Very few patients with end-stage
COPDqualify for LVRS. Lung transplantation is the other treat-
ment option for end-stage disease. Currently, the challenge is
to correctly identify the patients with a life expectancy short
enough that they would benefit from transplantation.

Perioperative care of the patient with COPD
Risk assessment
Patients with COPD have a 2.7- to 4.7-fold increased risk of
perioperative pulmonary complications.The degree of risk cor-
relates with the severity of COPD. The most common pul-
monary complications are atelectasis, pneumonia, respiratory
failure, and acute exacerbation of underlying chronic pul-
monary disease. Age greater than 60 years, American Society
of Anesthesiologists (ASA) physical status of II or higher, his-
tory of congestive heart failure, and current cigarette smoking
are additional risk factors.The type of surgery also is important.
The highest risk is associated with aortic, thoracic, and upper
abdominal procedures. Neurosurgery, head and neck surgery,
emergency surgery, and prolonged surgery (�3 hours) also con-
fer increased risk.

Preoperative assessment should focus on the history and
physical examination. Patients with severe COPD can be iden-
tified easily on this basis alone. Spirometry does not provide
effective risk prediction for individual patients; however, it
may be used to predict long-term functional status after major
lung resection. Current recommendations are to obtain a chest
radiograph for patients older than 50 years undergoing high-
risk operations, but it is rare for routine preoperative chest
radiographs to influence clinical management.

When patients are found to be at increased risk of postop-
erative pulmonary complications, the potential benefits of the
surgery should be weighed against the risk.There is no true pul-
monary contraindication to a potential lifesaving surgery. Even
within the specific realm of lung resection surgery, there are
very few absolute pulmonary contraindications to surgery.

Preoperative optimization
Smoking cessation is a logical preoperative intervention for
patients with COPD. Patients undergoing high-risk surgeries
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who have ceased smoking at least 4 weeks prior to surgery
seem to have a lower risk of pulmonary complications. Smok-
ing cessation 24 to 48 hours prior to elective surgery normalizes
carboxyhemoglobin levels and corrects the left shift of the oxy-
hemoglobin dissociation curve, but does not show an improve-
ment in mucociliary function.

Given the significant impact of smoking cessation on the
long-term outcome of COPD, all COPD patients should be
counseled on smoking cessation, regardless of the type or tim-
ing of surgery.

Preoperative optimization of airflow with bronchodilators
is thought to decrease perioperative complications. There is no
indication, however, for routine preoperative addition of either
inhaled or oral corticosteroids. Expert opinion suggests that
specific treatment of acute COPD exacerbations preoperatively
is beneficial. It may be prudent to delay elective surgery until
after full recovery from an acute COPD exacerbation, but there
is little evidence available on this issue.The role for routine pre-
operative pulmonary rehabilitation prior to high-risk surgery is
unclear.

Intraoperative management
There is some evidence, of variable quality, available to guide the
choice of anesthetic techniques for patients with COPD. One
trial of intermediate-acting versus long-acting neuromuscular
blockers found a higher rate of residual neuromuscular block-
ade with the use of long-acting neuromuscular blockers. The
rate of postoperative pulmonary complications was three times
higher in patients with prolonged blockade. The current rec-
ommendation is to use intermediate-acting agents in patients
with COPD. There have been several trials comparing neurax-
ial blockade with general anesthesia and neuraxial analgesia
with other postoperative pain relief strategies. Unfortunately,
the studies tended to be small and limited by problems with
study design or execution; results have been inconsistent. Some
of the studies did report lower rates of postoperative pulmonary
complications with the use of regional anesthesia and analge-
sia. Further study is needed; in the interim, it is reasonable to
advocate for regional anesthesia and analgesia, when feasible,
for patients with significant baseline pulmonary impairment.

Several intraoperative problems may occur during general
anesthesia in the setting of underlying COPD. Bronchospasm
may cause an abrupt increase in airway resistance and concomi-
tant worsening of airflow obstruction. Acute bronchospasm
is best treated with inhaled �2 agonists or anticholinergics.
Increasing the end-tidal concentrations of bronchodilating
volatile anesthetics (isoflurane, sevoflurane, halothane, enflu-
rane) also may reverse acute bronchospasm. Rarely, the use
of intravenous corticosteroids or low doses of intravenous
epinephrine (0.25–0.5 �g/min) via continuous infusionmay be
necessary to break refractory bronchospasm.

Inspissation of pulmonary secretions may result in acute
occlusion of bronchi or even the endotracheal tube itself. Main-
taining adequate hydration and humidifying inspiratory gases
help prevent desiccation and inspissation of secretions. Use of
a large (8.0 mm or larger) endotracheal tube allows for easy
endotracheal suctioning and, when necessary, fiberoptic bron-
choscopy. On occasion, it may be necessary to instill mucolytics
(N-acetylcysteine, dornase alfa) through the bronchoscope into
an area of mucus plugging.

V/Q matching, which is impaired at baseline in COPD, is
even worse during general anesthesia. This leads to widening
of the alveolar–arterial oxygen gradient and also the gradient
between end-tidal and arterial carbon dioxide. Consideration
should be given to arterial blood gas monitoring for patients
with significant COPD undergoing major procedures.

Dynamic hyperinflation is one of the major pitfalls of gen-
eral anesthesia in patients with significant COPD. It occurs
when inspiration is initiated prior to the complete exhalation
of the previous tidal volume (Fig. 3.3). End-expiratory vol-
umes and pressures (intrinsic positive end-expiratory pressure
[PEEP] or auto-PEEP) rise progressively with each subsequent
inhalation until a new steady state is reached. As a result, lung
compliance decreases, gas exchange is impaired further because
of compression of normal lung, barotrauma and alveolar rup-
ture may occur, and venous return is decreased.The decrease in
venous return may be profound enough to cause hypotension,
decreased cardiac output, and even pulseless electrical activity.
Anesthesiologists should be particularly watchful for dynamic
hyperinflation during commencement of assisted ventilation,
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Figure 3.3. Dynamic hyperinflation during mechanical ventilation.
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such as at induction. Judicious hydration helps ameliorate the
decrease in venous return. Use of a slow respiratory rate, long
expiratory time, and the minimum necessary tidal volume to
avoid excessive hypercapnia helps prevent the development of
dynamic hyperinflation. Extrinsic PEEP can replace 50% to 75%
of intrinsic PEEP. Small airways are held open, and more com-
plete exhalation may occur. Unfortunately, there is no easy way
to measure intrinsic PEEP in the operating room, so titration
of extrinsic PEEP requires clinical judgment and experience. If
severe hypotension is thought to be related to dynamic hyper-
inflation, the most expedient maneuver is to hold ventilation
altogether and allow for unobstructed exhalation.

Timely emergence from general anesthesia may be particu-
larly challenging in patients with severe COPD. Patients with
COPD are exquisitely sensitive to the respiratory depressant
effects of many commonly used medications, including ben-
zodiazepines, narcotics, barbiturates, propofol, and the volatile
anesthetics. The long expiratory time-constant, increased dead
space, andwidenedV/Q distribution typical of severe COPD all
result in inefficient clearance of volatile agents. Although there
are no good randomized trials of specific anesthetic mainte-
nance techniques in the setting of severe COPD, most experts
recommend the use of total intravenous anesthesia (TIVA).
TIVA allows for timing of emergence independent of under-
lying lung function. When short-acting agents (e.g., propofol
and remifentanil) are used in combination with an approach
to postoperative analgesia that does not rely heavily on par-
enteral opioids, postoperative respiratory depression can be
minimized.

Postoperative care
Postoperative care should focus on measures that facilitate the
patient’s rapid return to baseline levels of pulmonary function.
This requires the patient to be extubated, awake, and alert and
to have adequate pain control. Lung expansionmaneuvers such
as deep breathing, chest physiotherapy, and incentive spirome-
try effectively prevent postoperative pulmonary complications.
Early ambulation helps restore baseline lung volumes, facili-
tate clearance of secretions, and prevent venous thromboem-
bolism. Patients should continue their baselinemedical therapy

for COPD. Temporary escalation of bronchodilator therapy and
use of intravenous corticosteroids or antibiotics may be neces-
sary for patients who experience an acute COPD exacerbation
in the perioperative period.

Asthma
Epidemiology of asthma
Asthma is a chronic inflammatory lung disease characterized
by the paroxysmal occurrence of cough, wheezing, and/or dys-
pnea.Theprevalence of asthmahas increased over the past three
decades and is now about 5% in the United States. The annual
mortality rate climbed through the mid-1990s but has declined
since then. Currently, roughly 4000 people a year die in the
United States from asthma.

Pathology and pathophysiology of asthma
Asthma is a chronic inflammatory disease of the airways that
results in airflow obstruction. The pathology includes smooth
muscle constriction, airway edema, mucus accumulation, air-
way inflammation, and abnormal deposition of collagen in
basement membranes. The airflow obstruction is reversible, in
comparison to COPD. Airway hyperresponsiveness is charac-
teristic of asthma. Triggersmay include histamine, cold air, viral
infections, and a variety of environmental substances.

Treatment of asthma
Asthma treatment focuses on reducing the frequency and sever-
ity of symptoms and associated functional limitations. An addi-
tional goal is to reduce the occurrence of long-term morbidity,
including loss of lung function and medication side effects.The
foundation of management is patient education and identifica-
tion, avoidance of triggers, and regular monitoring, often done
with a handheld peak flow meter.

Pharmacologicmanagement is applied in a stepwise fashion
based on the severity of disease. A full description of the classi-
fication of severity may be found in the 2007 National Asthma
Education and Prevention Program Expert Panel Report. The
basics of this approach are summarized in Table 3.3. Acute ex-
acerbations often require systemic glucocorticoid use.

Table 3.3. Stepwise approach to baseline asthma treatment

Asthma severity Typical features Recommended treatment

Intermittent (step 1) Sx 2 d/wk or less; normal FEV1 at baseline
Oral steroids once a year at most

Short-acting inhaled β2 agonist prn (for step 1 and all other
steps)

Mild persistent (step 2) Sx > 2 d/wk; βagonists use > 2 d/wk; oral steroids twice a
year or more

Daily inhaled steroid or alternate controller (leukotriene
inhibitor, theophylline, cromoglycates)

Moderate persistent (step 3) Daily symptoms and βagonist use; some activity limitation;
reduced baseline FEV1

Daily inhaled steroid (or alternate) plus daily long-acting β2
agonist

Severe persistent (step 4–6) Sx throughout day; multiple uses of βagonist each day;
extreme activity limitation; FEV1 < 60%

Daily long-acting β2 agonist plus moderate-dose (step 4) or
high-dose (step 5) inhaled steroid; standing oral steroids
added (step 6)

prn – as needed; Sx – symptoms.
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Perioperative care of the patient with asthma
Preoperative assessment and optimization
There are limited data on the rate of perioperative respiratory
complications among asthmatic patients undergoing surgery in
the modern era. The data that are available suggest a rate of 1%
to 2%. Initial assessment should focus on the patient’s asthma
history. Elements to assess are frequency and severity of symp-
toms, baseline activity level, degree of compliance with chronic
treatment, and the need over the past year for emergency room
treatment, hospital admission, or systemic glucocorticoid use.
Patients with moderate persistent or severe persistent asthma
should be identified, as presumably they are at higher risk for
perioperative complications. Lung auscultationmay reveal cur-
rent airflow obstruction if wheezing or a prolonged expiratory
phase is present.

Baseline medications should be continued up until the time
of surgery. Patients with poor control of their symptoms should
have their treatment optimized by their internist or pulmonolo-
gist prior to surgery whenever possible. Patients with moder-
ate to severe asthma might benefit from a short course of oral
steroids preoperatively, but the data supporting this approach
are limited. Patients at risk for adrenal suppression due to
chronic treatment should probably receive stress dose steroids
perioperatively, though themagnitude of such risk is unknown.

Intraoperative management
Short-acting bronchodilators may be administered prophylac-
tically immediately before anesthesia. Given that endotracheal
intubation may be a major stimulus for bronchospasm, it is
prudent to avoid general anesthesia when possible. If endotra-
cheal intubation is needed, it is vital to ensure that sufficient
depth of anesthesia to suppress airway reflexes is achieved prior
to laryngoscopy. There is some evidence that propofol may be
associated with less postintubation wheezing than thiopental.
Ketamine is the only induction agent that actually produces
smooth muscle relaxation. It may be the induction agent of
choice in certain cases. Intravenous lidocaine, 1.5 mg/kg, pro-
duces smooth muscle relaxation and may be given prior to
induction. Intratracheal lidocaine may be given as well, but
if the depth of anesthesia is insufficient, it may trigger bron-
chospasm.

Keys for intraoperative management are to maintain suf-
ficient depth of anesthesia, avoid histamine-releasing drugs,
and monitor for and treat bronchospasm if it occurs. See Table
3.4 for signs of intraoperative bronchospasm. If bronchospasm
is confirmed, depth of anesthesia should be reassessed and

Table 3.4. Signs of bronchospasm during general anesthesia

Wheezing on auscultation
Increased peak airway pressure with unchanged plateau pressure
Decreased expiratory tidal volumes
Upsloping capnography waveform
Failure of expiratory flow to reach zero (flow vs. time waveform)
Hypotension due to impaired venous return (dynamic hyperinflation)

a short-acting inhaled �2 agonist should be administered.
Dynamic hyperinflation, as described in the COPD section,
may occur and should bemanaged as previously described. Per-
sistent bronchospasm may necessitate repeat dosing of inhaled
bronchodilators, administration of intravenous corticosteroids
(though onset of action is delayed), or use of a continuous
epinephrine infusion at 0.25 to 0.5 �g/min.

Extubation is another high-risk period. Deep extubation is
an option for certain patients. When deep extubation is not an
option, pretreatment with an inhaled short-acting �2 agonist
and intravenous lidocaine may help prevent bronchospasm on
emergence.

Restrictive lung disease
Definition
Restrictive lung disease impairs lung expansion. It is associ-
ated with decreased compliance of the pulmonary system and
decreased vital capacity.The causative pathologymay be located
in the lung parenchyma, pleural space, or chest wall. Addi-
tionally, neuromuscular diseases may prevent the respiratory
muscles from effectively expanding the thoracic cage and func-
tionally cause restriction. Common etiologies of restrictive dis-
ease are summarized in Table 3.5.

Pathology and pathophysiology
of restrictive disease
The pathology is variable and specific to the underlying disease
process. Primary parenchymal diseases often require biopsy for
definitive diagnosis. Pulmonary function testing usually shows

Table 3.5. Causes of restrictive pulmonary physiology

Intrinsic to the lung parenchyma
Pulmonary edema
Acute respiratory distress syndrome
Pneumonia
Autoimmune and collagen vascular diseases
Pulmonary fibrosis
Pneumonitis

Pleural space
Tumor (mesothelioma)
Pneumothorax
Pleural effusion and hemothorax
Infection and inflammation/fibrosis (empyema)

Chest wall
Obesity
Ascites
Anasarca
Pregnancy
Congenital malformations of chest wall/spine
Circumferential burns

Neuromuscular diseases
High spinal cord injury
Muscular dystrophy
Myasthenia gravis and Eaton-Lambert syndrome
Guillain-Barré syndrome
Flail chest
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decreased volumes and capacities with a preserved FEV1/FVC
ratio. Clinical symptoms typically include dyspnea and reduced
exercise capacity. Other signs and symptoms are specific to the
underlying disease process.

Treatment of restrictive diseases
Treatment of restrictive lung disease is specific to the underlying
disease. For this reason, it is not unusual to see a patient with
restrictive disease present for operative diagnosis. If the disease
is localized to the pleural space, operative management may be
required.

Perioperative care of the patient with restrictive disease
Appropriate care starts with the recognition that a restrictive
process is present. Clues include a restrictive pattern on pul-
monary function tests or the presence of a disease or pro-
cess associated with pulmonary restriction. The next step is to
assess severity by evaluating the symptoms and degree of exer-
cise impairment. Oxygen saturation measurement will iden-
tify patients with baseline hypoxia. Preoperative exercise test-
ing may be appropriate for a select subset presenting for major
pulmonary resection.

Treatable contributors to pulmonary restriction should be
addressed preoperatively when possible. These may include
pulmonary edema, acute infection, large pleural effusions, or
massive ascites. The benefit of specific preoperative treatment
of these conditions depends on the operative procedure and the
functional reserve of the patient.

Adequate preoxygenation is vital to avoid desaturation dur-
ing induction, given the decreased FRC. Intraoperative ven-
tilation may require smaller tidal volumes (4–6 ml/kg ideal
body weight) at higher rates to avoid excessive inspiratory pres-
sures. Application of PEEP from the beginning of positive pres-
sure ventilation helps maintain FRC and avoid atelectasis. High
inspired oxygen concentrations may be needed to avoid hypox-
emia. In certain severe cases, use of an intensive care unit ven-
tilator in combination with total intravenous anesthesia may be
necessary.

Patients with significant restrictive disease are at increased
risk of postoperative respiratory failure. It is important to
minimize postoperative respiratory depression, and anesthetic
drug choice should be aimed at this goal. Regional anes-
thesia and analgesia may be quite helpful when the circum-
stances are amenable. Finally, it is important to remember
that many of the parenchymal diseases that cause restric-
tive pulmonary physiology also are associated with pulmonary
hypertension. Care must be taken to avoid worsening pul-
monary pressures. In particular, hypoxia, hypercapnia, acido-
sis, hypothermia, and extreme catecholamine surges should be
avoided.

Suggested readings
Ali J, Summer W, Levitzky M. Obstructive lung disease. In:

Pulmonary Pathophysiology. 2nd ed. New York: Lange Medical
Books; 2005:85–104.

AmericanThoracic Society/European Respiratory Society Task Force.
Standards for the Diagnosis and Management of Patients with
COPD [Internet]. Version 1.2. New York: AmericanThoracic
Society; 2004:1–222.

Cooper CB, Tashkin DP. Recent developments in inhaled therapy in
stable chronic obstructive pulmonary disease. BMJ 2005;
330:640–644.

Croxton TL, Weinmann GG, Senior RM, et al. Clinical research in
chronic obstructive pulmonary disease: needs and opportunities.
Am J Respir Crit Care Med 2003; 167:1142–1149.

Fleisher LA. Is there an optimal timing for smoking cessation? In:
Evidenced-Based Practice of Anesthesiology. Philadelphia:
Saunders; 2004:57–61.

Jemal A, Ward E, Hao Y, Thun M. Trends in the leading causes of
death in the United States, 1970–2002. JAMA 2005;
294:1255–1259.

Lawrence VA, Cornell JE, Smentana GW. Strategies to reduce
postoperative pulmonary complications after noncardiothoracic
surgery: systematic review for the American College of Physicians.
Ann Intern Med 2006; 144:596–608.

Litonjua AA, Weiss ST. Epidemiology of asthma. UpToDate. Version
16.3. October 2008.

Nathan SD. Lung transplantation: disease-specific considerations for
referral. Chest 2005; 127:1006–1016.

National Asthma Education and Prevention Program. Expert Panel
Report 3: Guidelines for the diagnosis and management of asthma.
National Heart Lung and Blood Institute. 2007. Available at:
http://www/nih.gov/guidelines/asthma.

National Emphysema Treatment Trial Research Group. A randomized
trial comparing lung-volume-reduction surgery with medical
therapy for severe emphysema. N Engl J Med 2003; 348:2059–2073.

Pauwels RA, Buist AS, Calverley PM, et al. Global strategy for the
diagnosis, management, and prevention of chronic obstructive
pulmonary disease. NHBLI/WHO Global Initiative for Chronic
Obstructive Lung Disease (GOLD) Workshop summary. Am J
Respir Crit Care Med 2001; 163:1256–1276.

Pierson DJ. Clinical practice guidelines for chronic obstructive
pulmonary disease: a review and comparison for current
resources. Resp Care 2006; 51:277–288.

Qaseem A, Snow V, Fitterman N, et al. Risk assessment for and
strategies to reduce perioperative pulmonary complications for
patients undergoing noncardiothoracic surgery: a guideline from
the American College of Physicians. Ann Intern Med 2006;
144:575–580.

Seigne PW, Hartigan PM, Body SC. Anesthetic considerations for
patients with severe emphysematous lung disease. Int Anesthesiol
Clin 2000; 38:1–23.

Smetana GW. A 68-year-old man with COPD contemplating colon
cancer surgery. JAMA 2007; 297:2121–2130.

West JB. Obstructive diseases. In: Pulmonary Pathophysiology: The
Essentials. 7th ed. Philadelphia: Lippincott, Williams &Wilkins;
2008:51–79.

22

http://www/nih.gov/guidelines/asthma


Chapter

4 Anesthetic goals in patients withmyocardial
ischemia and heart failure
Sugantha Sundar, Jason M. Erlich, and Eswar Sundar

According to the 2004 statistics compiled by the American
Heart Association (AHA), an estimated 79.4 million American
adults have cardiovascular disease. The average annual rate of
first cardiac event varies by age group, from seven per 1000
in 35- to 44-year-olds to 68 per 1000 in 85- to 94-year-olds.
There are approximately 565,000 new and 300,000 recurrent
heart attacks per year. Notably, only 18% of new myocardial
infarctions (MIs) are preceded by longstanding angina. These
statistics demonstrate a necessity to be aware of the scale of the
problem in the United States and to understand the underly-
ing mechanisms of coronary artery disease (CAD) leading to
myocardial ischemia and its prevention. The pathophysiology
of heart failure and its management are discussed in this chap-
ter. The role of ischemic preconditioning in myocardial protec-
tion also are briefly discussed.

Pathophysiology of myocardial ischemia
Myocardial metabolism
The myocardium derives energy from lactate, fatty acids, glu-
cose, pyruvate, and acetate and under special circumstances,
such as starvation, from fructose, glycogen, and protein.
Myocardial oxygen consumption is one of the highest of any
organ at 8 to 10 ml oxygen/100 g myocardium/min.The suben-
docardial requirement is 20%higher than the epicardium,mak-
ing it particularly susceptible to ischemia.

Myocardial oxygen supply and demand
Myocardial oxygen demand is determined mainly by heart
rate, wall tension, and contractility. Oxygen consumption
depends on myocardial wall tension, which in turn is directly
proportional to the intracavitary pressure and ventricular
radius but inversely related to wall thickness. Thus, decreas-
ing ventricular wall distention can decrease oxygen demand.
Basal oxygen requirements determine myocardial oxygen
demands.

Oxygen supply to the myocardium is determined by the
pressure in the aortic root at the end of diastole and the
left ventricular end-diastolic pressure. Coronary artery diam-
eter and the arterial oxygen content determine oxygen sup-
ply. Immediately after coronary occlusion, two physiologic

mechanisms occur in an attempt to correct the stoppage of
flow:
� “Reactive hyperemia,” in which reperfusion flow increases

above preocclusion levels
� “Reactive dilatation,” in which large coronaries dilate in an

attempt to relieve the occlusion
These physiologic reactions are limited and do not achieve

full coronary flow. At �90% occlusion, reactive physiologic
dilation is exhausted and normal flow cannot be maintained,
necessitating alternative intervention.

Coronary blood flow is maintained mainly based on per-
fusion pressure and vascular tone of coronary vessels. Post-
synaptic �1, �2, �1, and �2 receptors are present in myo-
cardium. Presynaptic �2 activation increases norepinephrine
release, which is mediated by postsynaptic �1 receptors.
Postsynaptic �1 receptors predominate, except in the failing
and ischemic heart, in which �1 receptors serve as reserve
and high levels of catecholamines down-regulate �1 expres-
sion. Dopaminergic receptors have not been described in the
myocardium.

Coronary plaque rupture with thrombosis is an important
etiologic mechanism of perioperative MI (PMI). It is very likely
that PMI also results from prolonged ischemia (manifest as
ST-segment depression on the electrocardiogram [ECG]) in
the presence of severe but stable CAD. Data suggest that the
risks for perioperative MI include: (1) poor preoperative car-
diac status (CAD, history of congestive heart failure), (2) post-
operative hypotension, (3) new (long-duration) intraoperative
ST-T changes, and (4) increased intraoperative blood loss and
transfusion.

There is growing evidence indicating that patients who have
recently undergone percutaneous coronary revascularization
and stent implantation may be at increased risk for periop-
erative in-stent thrombosis and MI. The American College of
Cardiology/AHA guidelines recommend a delay of at least 2
weeks and ideally 4 to 6 weeks between implantation of a bare
metal stent and noncardiac surgery to reduce the risk of PMI.
This allows for 4 full weeks of dual-antiplatelet therapy dur-
ing stent re-endothelialization and 2 weeks for the antiplatelet
effect to dissipate after discontinuation of drug therapy.The risk
period for in-stent thrombosis is extended further in patients
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receiving a drug-eluting stent, because the drug that pre-
vents neointimal proliferation delays in-stent endothelializa-
tion and anti-platelet therapy is therefore recommended for far
longer.

Preoperative testing and risk stratification
Preoperative testing and risk stratification of patients under-
going noncardiac surgery have been topics of debate for many
years. The decision to recommend further stratification proce-
dures in each patient must take into account the potential ben-
efit versus the potential risk. The risk of myocardial ischemia
is related to three important factors: the extent of the patient’s
disease, the type of surgery, and the degree of hemodynamic
stress associated with the procedure.The duration and intensity
of coronary andmyocardial stressorsmay be helpful in estimat-
ing the likelihood of perioperative cardiac events, particularly
for emergency surgery. See Chapter 2 for in-depth discussion
of patient evalution prior to noncardiac surgery, including the
latest American College of Cardiology and American Heart
Association Guidelines.

Conduct of anesthesia
No one anesthetic is superior to another. There have been no
outcome studies to show the superiority of one anesthetic tech-
nique over another. It is important to bear inmind that an anes-
thetic that reduces myocardial oxygen demand and improves
coronary blood flow is critical.The choice of anesthetic is deter-
mined by the procedure being performed, the clinical condition
of the patient, and whether the procedure is an emergency.

The degree of monitoring for ischemia that is warranted
is dictated by the clinical situation. Continuous ECG moni-
toring is the most common method used to detect myocar-
dial ischemia. Monitoring lead V5 can detect up to 82% of
ischemic events. Hemodynamic changes, such as hypotension,
elevated pulmonary artery pressures, and a decrease in car-
diac output are indicators ofmyocardial ischemia. Regionalwall
motion abnormalities detected on transesophageal echocardio-
graphy may be helpful in determining which coronary artery is
involved.

Volatile anesthetics are vasodilators, which could potentially
lead to coronary steal in patients with unfavorable anatomy.
However, the concern that isoflurane may cause coronary steal
has not been validated in human subjects. Reduced serum tro-
ponin levels have been documented in cardiac surgical patients
receiving volatile anesthetics, possibly reflecting a precondi-
tioning or postconditioning effect. A dose-dependent or class
effect of inhalational anesthetics in protecting the myocardium
has not been proven in humans.

Neuraxial blockade may be beneficial in certain situations
in which sympathectomy is desirable. However, procedures
requiring a high dermatomal level of anesthesia may be asso-
ciated with hemodynamic compromise and may even be detri-
mental. Use of thoracic epidural anesthesia for postoperative
pain control has been associated with fewer pulmonary com-

plications, although the incidence of myocardial infarction or
overall mortality is no different.

Monitored anesthesia care was associated with the high-
est 30-day mortality rate in one large study, possibly because
patients who were the sickest were chosen to receive monitored
anesthesia care versus general or regional anesthesia. Moni-
tored anesthesia care (MAC) less completely blunts sympathetic
nervous system responses to surgical stimulation and hence
may be associated with demand ischemia.

Outcome advantages of regional analgesia over patient-
controlled analgesia for post-operative pain control have not
been documentedwith sufficient evidence.However, less opioid
requirement, better hemodynamic profile, and decreased peri-
operative hypercoagulable state may be some of the advantages
with regional analgesia.

Maintenance of intraoperative normothermia is vital in that
patients with core temperatures less than 35◦C are at increased
risk of developing myocardial ischemia.

Treatment of myocardial ischemia
Treatment of myocardial ischemia is multimodal and depends
on the clinical setting.
� In some situations, myocardial ischemia is associated with

profound hemodynamic consequences. In this setting,
optimizing the blood pressure, reducing the heart rate, and
improving preload are crucial.

� Malignant ventricular arrhythmias are not uncommon
with severe ischemia. Institution of the Advanced Cardiac
Life Support (ACLS) protocols may be necessary when
life-threatening arrhythmias occur.

� Nitroglycerin infusion causes coronary vasodilation and
improves blood flow to ischemic areas of the myocardium.
It also reduces the preload on a failing heart and thus has
beneficial effects.

� Calcium channel blockers are given in situations in which
coronary vasospasm is suspected.

� Heparin infusion may be indicated to reduce further
coronary thrombosis.

� Consideration to stoping surgery and proceeding to the
cardiac catheterization laboratory should be given in
conjunction with the surgical team. Percutaneous
intervention may be necessary with or without the use of
thrombolytic therapy. Coronary revascularization may be
necessary for a more permanent solution.

� In the interim, placement of an intra-aortic balloon pump
(IABP) should be considered to reduce afterload and
improve coronary perfusion during diastole.

Ischemic preconditioning and
myocardial protection
Ischemic preconditioning (IPC) and myocardial protection
have received much attention during the past few years.
Ischemic preconditioning is amethod bywhich the target organ
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is conditioned prior to the ischemic insult to reduce the extent
of injury. IPC may be mechanical or pharmacologic. Several
studies have shown the beneficial effects of brief limb ischemia
in preconditioning the heart, although this is somewhat imprac-
tical in an operating room setting. Pharmacologic IPC may
be considered in patients at increased risk for myocardial
ischemia. Adenosine, endothelial nitrous oxide, free radicals,
kinases, opioids, catecholamines, and adenosine triphosphate
(ATP)-sensitive potassium channels have been implicated in
remote preconditioning. Adenosine is an extracellularmolecule
that is both a trigger and a mediator of IPC. Several studies
implicated volatile anesthetics to be involved in IPC and to exert
a myocardial-protectant effect. Volatile anesthetics reduce the
amount of myocardial enzyme leak and reduce the size of an
infarct following preconditioning. There is an improvement in
ventricular function in patients preconditioned with volatile
agents. The precise mechanism by which this works is still
unclear, but it appears to be multifactorial. This effect depends,
at least in part, on anesthetic-induced opening of ATP-sensitive
potassium channels. However, the precise dosing and duration
of therapy have not been determined.

Pathophysiology andmanagement
of heart failure
Each year, 500,000 cases of heart failure are diagnosed in the
United States. Extensive myocardial damage from myocardial
ischemia may lead to both systolic and diastolic heart failure.
The presence of decompensated heart failure is a major pre-
dictor of adverse perioperative outcome, whereas compensated
heart failure is an intermediate risk factor for adverse periop-
erative outcome. Symptoms of dyspnea on exertion, orthopnea,
edema of the extremities, and end-organ dysfunction are indi-
cators of heart failure.

Systolic heart function may be measured by calculating the
ejection fraction on echocardiography or cardiac MRI. In sys-
tolic failure, there is impaired left ventricular contractility, and
ejection fraction is a measure of the contractile function of the
heart. The ability to increase stroke volume via an increase in
preload is reduced, and the Starling curve shifts to the right of
the normal curve if afterload and inotropy remain unchanged.
As Fig. 4.1 demonstrates, any increase in preload in congestive
heart failure due to systolic failure results in a smaller increase in
stroke volume than in normal ventricles if inotropy and after-
load are kept constant. A decrease in afterload or increase in
contractility may improve ventricular performance but will not
affect filling pressures. A reduction in preload with an increase
in inotropic force, a decrease in afterload, or both yields reduc-
tions in ventricular filling pressures and improvement in ven-
tricular performance.

Elevated left ventricular end-diastolic pressure is an indica-
tor of poor systolic function of the heart. Use of inotropes to
improve systolic function is the first-line treatment for heart
failure, although other types of cardiovascular drugs are also
useful (Fig. 4.2).
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Figure 4.1. Relationship between preload and stroke volume in congestive
heart failure. Source: Steele L, Webster NR. Altered cardiac function. J R Coll
Surg Edinb 2001; 46(1):29–34.

Consideration should be given to the placement of an IABP
in the absence of adequate response to inotropic medications
and adequate treatment of myocardial ischemia.

The IABP is inserted percutaneously through the femoral
artery. The balloon tip is situated distal to the origin of the left
subclavian artery and should be above the origin of the renal
arteries. X-ray and transesophageal echocardiography may be
used to aid in optimal positioning of the balloon tip. The IABP
inflation and deflation are usually synchronized with the ECG
(the QRS complex) or the arterial pressure waveform (Fig. 4.3).
It is vital to time the balloon inflation with the dicrotic notch
of the arterial waveform. Deflation should be timed when the
arterial pressure waveform reaches the lowest level, indicating
that the left ventricle is ready for the next contraction.The initial
setup of the balloon pump should be at a 1:2 ratio to accurately
time the pump, to be followed by a ratio of 1:1 to obtain optimal
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A One complete cardiac cycle
B Unassisted aortic end-diastolic pressure
C Unassisted systolic pressure
D Diastolic augmentation
E Reduced aortic end-diastolic pressure
F Reduced systolic pressure
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Figure 4.3. IABP timing: inflation/deflation.

benefits. Some contraindications to placement of an IABP
include aortic insufficiency, sepsis, and severe peripheral vascu-
lar disease. Cardiovascular effects of the IABP are summarized
in Fig. 4.4.

Diastolic heart failure is more challenging to diagnose and
manage. It is the inability of the ventricle to adequately relax

between contractions, leading to less filling of the ventricle and
atrial hypertension. Chronic hypertension is the most com-
mon cause of diastolic dysfunction. It leads to left ventricu-
lar hypertrophy and increased connective tissue content, both
of which decrease cardiac compliance. Diastolic dysfunction is
more common in elderly persons, partly because of increased
collagen crosslinking, increased smooth muscle content, and
loss of elastic fibers. Patients with diastolic dysfunction are
highly sensitive to volume changes and preload. Diagnosis can
be made using transthoracic and transesophageal echocardio-
graphy. Pulsed-wave Doppler examination across the mitral
valve during diastole is one modality used to assess diastolic
function. In the normal heart, there is an E wave corresponding
to early passive filling of the ventricle, followed by an A wave
corresponding to atrial contraction leading to ventricular fill-
ing. Milder forms of diastolic heart failure are characterized by
impaired relaxation, whereas more advanced forms of diastolic
heart failure are characterized by a restrictive pattern. More
sophisticated imaging modalities such as tissue Doppler and
transmitral flow propagation velocities alsomay be used to fully
evaluate diastolic function. Treatment of diastolic heart failure
is equally challenging. Maintaining sinus rhythm is vital in this
patient population. Slowing the heart rate allows the ventri-
cle time to fill adequately, and �-Blockers are particularly use-
ful. Angiotensin-converting enzyme inhibitors and angiotensin
receptor blockers may be beneficial in patients with diastolic
dysfunction, especially those with hypertension. Angiotensin-
converting enzyme inhibitors and angiotensin receptor block-
ers directly affect myocardial relaxation and compliance by
inhibiting production of, or blocking angiotensin II receptors,
thereby reducing interstitial collagen deposition and fibrosis.

Figure 4.4. IABP effects.
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Conduct of Anesthesia
Anesthetic management of patients who are in heart failure is
complex and associated with a highmortality (�10%) andmor-
bidity. These factors should be considered before deciding on a
plan:

� Underlying pathophysiology of the heart failure
� Surgery or procedure being planned
� What monitoring is required, and how much time is

available to optimize the patient

The majority of heart failure results from loss of inotropy (due
to ischemia, valvular regurgitations), increased afterload (due
to hypertension, aortic stenosis, coarctation), and fluid over-
load. Some of these conditions require only gentle afterload
reduction. This can be achieved by vasodilators such as nitro-
glycerine or sodium nitroprusside. In patients with severe heart
failure, management with inodilators like milrinone, drugs
such as dobutamine, or even placement of an IABP may be
required.

Occasionally, heart failure can result from an obstruction to
the left ventricular outflow tract for example, systolic anterior
motion (SAM) of the mitral leaflet. In these conditions drugs
such as phenylephrine and � blockers can help stent open the
outflow tract and improve symptoms of heart failure.

Preoperative preparation
Before starting anesthesia on patients with heart failure, drugs
must be started to treat the heart failure as discussed above.
Oxygenation must be maximized using noninvasive means
(CPAP) as far as possible. Intubating a patient in heart failure
for a procedure is best done in a highly monitored setting like
an operating room or an ICU. An IABPmay need to be inserted
preoperatively, under local anesthesia in some situations.

Choice of anesthetic depends on the procedure being done.
Note that spinals and epidurals often impede the ability of the
patient to breathe adequately, although the afterload reduction
associatedwith neuraxial anesthesia can be beneficial.However,
general anesthesia may be the only option.

Optimalmonitoring in the formof arterial lines, pulmonary
artery catheters and transesophageal echocardiograms must be
considered, and at least an arterial line may have to be inserted
preoperatively.

Intraoperative Management
Induction is often accompanied by a precipitous fall in blood
pressure and this can be controlled by titrating induction drugs
such as etomidate instead of propofol, and titrating vasocon-
strictors and inotropes to maintain blood and pulmonary pres-
sures. Intubation often reverses the hypotension but can cause
undesired hypertension that can be extremely detrimental to
the forward stroke volume. Hence careful titration and timing
of induction and hemodynamic support drugs is vital and so is
a slick and quick intubation by an experienced person.

The conduct of anesthesia during heart failure requires con-
stant vigilance with regard to the vital signs, pulmonary pres-
sures, echo findings, blood gases, body temperature, blood loss,
coagulation and other parameters.Oxygenation should bemax-
imized, ventilation optimized to blood gases and preferably
only blood loss should be replaced with blood, thus avoiding
unnecessary fluid administration. Serumcalcium levelsmust be
checked if blood products are being administered and corrected
appropriately as calcium is an excellent inotrope.

Postanesthetic care
Leaving the patient intubated postoperatively may be prudent
to allow heart failure to resolve. However, if the patient is
deemed to be suitable for emergence and extubation at the end
of the procedure, excellent pain control must be in place. If neu-
raxial anesthesia has been in place, itmay be used to provide not
only pain relief but also mild afterload reduction to help with
heart failure.

Conclusion
Major noncardiac surgery is associated with significant peri-
operative mortality and morbidity. Most deaths in this setting
are related to cardiac complications such as MI. Survivors of
in-hospital perioperative ischemic events such as MI, unstable
angina, and postoperative ischemia, warrant more aggressive
long-term follow-up and treatment than currently are prac-
ticed.MI following coronary artery bypass graft surgery is asso-
ciated with a significant increase in intensive care unit time,
hospital length of stay, and overall costs, which contribute to
greater hospital and physician service costs.

Suggested readings
Adesanya AO, de Lemos JA, Greilich NB, Whitten CW. Management

of perioperative myocardial infarction in noncardiac surgical
patients. Chest 2006; 130:584–596.

Barbagallo M, Casati A, Spadini E, et al. Early increases in cardiac
troponin levels after major vascular surgery is associated with an
increased frequency of delayed cardiac complications. J Clin
Anesth 2006; 18:280–285.

Ellis JE, Tung A, Lee H, Kasza K. Predictors of perioperative beta-
blockade use in vascular surgery: a mail survey of United States
anesthesiologists. J Cardiothorac Vasc Anesth 2007; 21:330–
336.

Mehlhorn U, Kroner A, de Vivie ER. 30 years clinical intra-aortic
balloon pumping: facts and figures.Thorac Cardiovasc Surg 1999;
47(Suppl 2):298–303.

Ndrepepa G, Braun S, Schomig A, Kastrati A. Accuracy of N-terminal
pro-brain natriuretic peptide to predict mortality in various
subsets of patients with coronary artery disease. Am J Cardiol
2007; 100:575–578.

Schouten O, Poldermans D. Statins in the prevention of perioperative
cardiovascular complications. Curr Opin Anaesthesiol 2005;
18:51–55.

Wijeysundera DN, Beattie WS. Calcium channel blockers for
reducing cardiac morbidity after noncardiac surgery: a
meta-analysis. Anesth Analg 2003; 97:634–641.

27



Chapter

5 Anesthetic goals in patients with valvular
heart disease
Sugantha Sundar, Devi Mahendran, and Eswar Sundar

Valvular heart disease accounts for a significant proportion of
patients requiring cardiac surgery. Rheumatic heart disease as
a cause of valvular heart disease has become less common with
the aggressive use of penicillin to treat streptococcal infections.
However, an increasing proportion of adults with congenital
heart disease require operations for recurrent valvular lesions
or new lesions related to complications from their original sur-
gical procedure.

The anesthetic management of patients with valvular heart
disease undergoing noncardiac surgery requires a clear under-
standing of the pathophysiology and hemodynamic implica-
tions of valvular lesions. A patient’s physiologic adaptation to
his or her valve disease may be acutely disturbed by perioper-
ative events and anesthetic drugs. Hence, the anesthesiologist
must be able to manipulate the patient’s hemodynamic status to
provide the best possible cardiac output to maintain end-organ
perfusion.

This chapter summarizes the anesthetic management of
valvular heart disease with particular reference to:

� The preoperative evaluation of the patient with valvular
heart disease

� The American Heart Association (AHA) recommendations
for endocarditis prophylaxis in valvular heart disease

� Management of anticoagulation regimen in the
perioperative period

� The etiology, pathophysiology, pressure–volume loops,
hemodynamic goals, and anesthetic considerations for
each of the major valvular lesions

Evaluating the patient with valvular
heart disease
Preoperative evaluation focuses on determining the severity of
the valvular lesion and its hemodynamic significance, resid-
ual ventricular function, the presence of concomitant coronary
artery disease, and the presence of secondary effects on pul-
monary, renal, and hepatic function. Table 5.1 demonstrates
points to elicit during history taking.TheNewYorkHeart Asso-
ciation (NYHA) grades the clinical severity of heart failure
and is a prognostic indicator of outcome (Table 5.2). Patients
with valvular heart disease may have many physical findings;

Table 5.3 outlines the key physical examination findings in these
patients.

Preprocedure investigations
Preprocedure investigations must be tailored to the patient and
the procedure in question. It is important to exclude active
ischemia, heart failure, arrhythmias, and electrolyte imbalances
secondary to medications. A coagulation profile may assume
importance if a regional anesthetic is being considered in a
patient receiving anticoagulants. Table 5.4 outlines the main
investigations that may be considered in patients with valvular
heart disease.

Premedication
In general, it is recommended that patients receive their usual
medications on the morning of surgery. Premedication with
standard doses of commonly used drugs such as midazolam or
fentanyl is desirable and well tolerated in patients with normal
or near-normal ventricular function. However, patients with
poor ventricular function may be highly sensitive to opioids,
and premedication should be dose-adjusted in accordance with
the severity of ventricular impairment and comorbidities.

Endocarditis prophylaxis
The risk of endocarditis varies according to the valvular abnor-
mality, and antibiotic prophylaxis follows AHA guidelines
(Tables 5.5, 5.6, and 5.7).

Prosthetic and mechanical valves
Patients with prosthetic heart valves pose special challenges to
the anesthesiologist. Themost frequent issue with patients who
have a prosthetic valve is themanagement of systemic anticoag-
ulation in the perioperative period. Prosthetic valves are either
bioprosthetic or mechanical. Bioprosthetic valves are usually
heterogeneous grafts made from animal tissue and have very
low thrombogenic potential. Hence, patients with bioprosthetic
valves do not usually need systemic anticoagulation. Aspirin
is recommended for all patients with prosthetic heart valves.
Aspirin alone is recommended in patients with bioprosthe-
ses and no risk factors for thrombosis. However, bioprosthetic
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Table 5.1. Points to elicit during history taking

� History of rheumatic fever
� Intravenous drug abuse
� Genetic conditions associated with valvular disease, such as Marfan’s

syndrome
� Heart surgery in childhood
� Prior valvular surgery, type of prosthetic valve used
� Exercise tolerance
� Fatigability
� Symptoms of dyspnea, orthopnea, dependant edema, chest pain,

paroxysmal nocturnal dyspnea, and neurologic symptoms
� A thorough review of medications (e.g., use of digoxin, diuretics,

vasodilators, ACE inhibitors, antiarrhythmics, and anticoagulants; if
patient is taking digoxin, screen for symptoms of digoxin toxicity)

valves have a shorter lifespan and are therefore more often
placed in elderly patients.

On the other hand, mechanical valves are longer lasting, but
patients who have a mechanical valve do need lifelong antico-
agulation. All patients with mechanical valves require warfarin
therapy. Aspirin is usually combined with warfarin in patients
withmechanical heart valves and in high-risk patients with bio-
prostheses. For high-risk patients who cannot take aspirin, the
addition of clopidogrel to warfarin should be considered. Even
with the use of warfarin, the risk of thromboembolism is 1% to
2%per year, but the risk is considerably higherwithoutwarfarin
treatment. Systemic anticoagulation in patients with mechan-
ical valves reduces the risk of thromboembolism by about
75%.

Upon auscultation, patients with mechanical valves may
be identified by the high-pitched, crisp opening and closing
sounds. Bioprosthetic valves do not have any special ausculta-
tory characteristics. The onset of new murmurs or a change in
the quality of murmurs associated with a valve may indicate a
problem with the valve or the onset of endocarditis.

Patients presenting for surgery with a prosthetic valve
should receive a complete history and physical examination.
The anesthesiologist must know what type of valve the patient
has and when it was inserted. Preoperatively, transesophageal

Table 5.2. The NYHA functional classification of heart disease

Class Patient symptoms

Class I (mild) No limitation of physical activity. Ordinary physical
activity does not cause undue fatigue, palpitations, or
dyspnea.

Class II (mild) Slight limitation of physical activity. Comfortable at
rest, but ordinary physical activity results in fatigue,
palpitations, or dyspnea.

Class III (moderate) Marked limitation of physical activity. Comfortable at
rest, but less than ordinary activity causes fatigue,
palpitations, or dyspnea.

Class IV (severe) Unable to carry out any physical activity without
discomfort. Symptoms of cardiac insufficiency at rest.
If any physical activity is undertaken, discomfort is
increased.

Table 5.3. Physical findings in valvular heart disease

� Signs of congestive heart failure
-S3 gallop
-Pulmonary rales
-Elevated jugular venous pressure
-Hepatojugular reflux
-Hepatosplenomegaly
-Pedal edema

� Auscultatory findings specific to individual valvular lesions
� Neurologic deficits secondary to embolic phenomena

echocardiography (TEE) or transthoracic echocardiography
can allow excellent visualization of the prosthetic valve and
assessment of valvular function. Almost invariably, patients
with artificial valves will require perioperative antibiotic pro-
phylaxis for endocarditis.

Patients with mechanical valves taking systemic anticoag-
ulation will require careful management in the perioperative
period. The perioperative period is a prothrombotic state, and
this dangermust be borne inmindwhen stopping systemic anti-
coagulation. Intravenous heparin is one method for bridging
anticoagulation therapy.

AHA bridging recommendations in patients with mechani-
cal valves who require interruption of warfarin therapy for non-
cardiac surgery and invasive procedures are as follows:
� In patients at low risk of thrombosis, defined as those with

a bileaflet mechanical aortic valve replacement without risk
factors, it is recommended that warfarin be stopped 48 to
72 hours before surgery. This will allow the international
normalized ratio (INR) to fall to �1.5; warfarin can then
be restarted within 24 hours after the procedure. Heparin is
usually unnecessary.

� In patients at high risk for thrombosis, defined as those
with a mechanical mitral valve or a mechanical aortic valve
with any risk factor, therapeutic doses of unfractionated

Table 5.4. Investigations for patients with valvular heart disease

� ECG for evidence of ischemia, arrhythmias, atrial enlargement, and
ventricular hypertrophy

� Serum electrolytes and renal function (mild–moderate hypokalemia is
often seen in patients taking diuretics and can exacerbate digoxin
toxicity). Hypomagnesemia may cause perioperative arrhythmias.
Hyperkalemia may occur in patients taking potassium-sparing diuretics
or ACE inhibitors.

� Coagulation studies to check for reversal prior to surgery for patients
who have been on anticoagulants

� Arterial blood gases in patients with significant pulmonary symptoms
� A chest radiograph to assess cardiac size and the presence of

pulmonary vascular congestion

Special studies can provide important diagnostic and prognostic
information about valvular lesions:
� Echocardiography with Doppler technology for evaluating valvular

heart diseases
� Cardiac catheterization to identify coexisting coronary artery disease;

allows visualization of the cardiac chambers as well as pressure
gradients across valves
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Table 5.5. AHA recommendations for endocarditis prophylaxis

High- andmoderate-risk
patients (prophylaxis
recommended)

Low-risk patients
(prophylaxis not
recommended)

� Prosthetic valves or history of
infective endocarditis

� Complex cyanotic congenital
heart disease

� Surgically constructed
systemic-pulmonary shunts or
conduits

� Congenital cardiac valve
malformations, particularly
bicuspid aortic valves, and
patients with acquired valvular
dysfunction (e.g., rheumatic
heart disease)

� A history of surgical valve repair
� Hypertrophic cardiomyopathy

with resting or latent
obstruction

� MVP and auscultatory evidence
of valvular regurgitation and/or
thickened leaflets on
echocardiography

� Isolated secundum ASD
� >6 months after successful

surgical or percutaneous repair
of an ASD, VSD, or PDA.

� MVP without MR or thickened
leaflets on echocardiography

� Physiologic, functional, or
innocent heart murmurs,
including aortic valve sclerosis

� Echocardiographic evidence of
physiologic MR in the absence
of a murmur and with
structurally normal valves

� Echocardiographic evidence of
physiologic TR and or PR in the
absence of a murmur and with
structurally normal valves

ASD, atrial septal defect; PDA, patent ductus arteriosus; VSD, ventricular septal
defect.
Source: Wilson W, Taubert KA, Gewitz M, et al; American Heart Association
Rheumatic Fever, Endocarditis, and Kawasaki Disease Committee. Circulation.
2007; 116(15):1736–1754.

heparin should be started when the INR falls below
2.0 (typically 48 hours before surgery) and stopped 4 to 6
hours before the procedure. Warfarin is then restarted
soon after surgery, as determined by the clinical condition
of the patient. Heparin is continued until the INR is back
within therapeutic range with warfarin therapy. More
recently, low molecular weight heparin (LMWH) has been
used, although few studies exist to validate the efficacy and
safety of either LMWH or unfractionated heparin in this
setting.

� Fresh frozen plasma (FFP) may be given to patients with
mechanical valves who require interruption of warfarin
therapy for emergency surgery or invasive procedures. FFP
is preferable to high-dose vitamin K.

� In patients at high risk for thrombosis, therapeutic doses of
unfractionated heparin (15,000 units every 12 hours) or
LMWH (100 units/kg every 12 hours) may be considered
during the period of subtherapeutic INR.

Risk factors for thrombosis include:

� Atrial fibrillation
� Previous thromboembolism
� Left ventricular (LV) dysfunction
� Hypercoagulable conditions
� Older-generation thrombogenic valves
� More than one mechanical valve

Table 5.6. Indicated and nonindicated procedures for endocarditis
prophylaxis

Endocarditis prophylaxis not
recommended

Endocarditis prophylaxis
recommended

� Respiratory tract
� Endotracheal intubation
� Flexible bronchoscopy

with or without biopsya
� Tympanostomy tube

insertiona

� Gastrointestinal tract
� TEE
� Endoscopy with or without

biopsya

� Genitourinary tract
� Vaginal hysterectomy
� Vaginal delivery
� Caesarean section
� Urethral catheterization
� Uterine dilation and

curettage
� Therapeutic abortion
� Sterilization procedures
� Insertion or removal of

intrauterine devices
� Other

� Cardiac catheterization,
including balloon
angioplasty

� Implantation of cardiac
pacemakers, defibrillators,
and coronary stents

� Incision or biopsy of
surgically scrubbed skin

� Circumcision

� Respiratory tract
� Tonsillectomy/

adenoidectomy
� Surgical operations

involving respiratory
mucosa

� Rigid bronchoscopy
� Gastrointestinal tract

(prophylaxis for high-risk
patients, optimal for moderate
risk)
� Sclerotherapy for

esophageal varices
� Esophageal stricture

dilation
� ERCP with biliary

obstruction
� Biliary tract surgery
� Surgical operations

involving intestinal
mucosa

� Genitourinary tract
� Prostate surgery
� Cystoscopy
� Urethral dilation

a Prophylaxis indicated in high-risk patients.
ERCP, endoscopic retrograde cholangiopancreatography.
Source: Wilson W, Taubert KA, Gewitz M, et al; American Heart Association
Rheumatic Fever, Endocarditis, and Kawasaki Disease Committee. Circulation.
2007; 116(15):1736–1754.

Anesthetic considerations
Choice of anesthetic technique/agents to be employed in
patients with valvular heart disease depends on the sever-
ity of the valvular lesion, its hemodynamic adaptations, and
the proposed procedure. Inhalational agents all produce dose-
dependent myocardial depression, which may be accentuated
in patients with abnormal hemodynamics secondary to valvu-
lar disease. Nitrous oxide is less depressant and maintains
peripheral vascular resistance. All inhalational agents cause
decreases in blood pressure. Isoflurane, sevoflurane, and des-
flurane are associated with a decrease in systemic vascular
resistance with peripheral vasodilation. Desflurane may cause
sympathetic activation that could be detrimental to patients
with valvular heart disease. Sevoflurane and isoflurane are both
considered safe in patients with cardiac disease. Sevoflurane is
reported to have a more stable effect on heart rate and cardiac
function than other agents.
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Table 5.7. Antibiotic regimens for endocarditis prophylaxis

Dental, oral, respiratory tract, or esophageal procedures
Standard preoperative prophylaxis Ampicillin Adults: 2.0 g

Children: 50 mg/kg IM/IV

Penicillin allergic Clindamycin

Cefazolinb

Adults: 600 mg
Children: 20 mg/kg IV

Adults: 1 g
Children 25 mg/kg IM/IV

Genitourinary/gastrointestinal (excluding esophageal) procedures
High-risk patients Ampicillin plus gentamicin Adults: ampicillin, 2.0 g IM/IV, plus gentamicin,

1.5 mg/kg (not to exceed 120 mg); 6 h later,
ampicillin 1 g IM/IV

Children: ampicillin, 50 mg/kg IM/IV (not to
exceed 2.0 g), plus gentamicin 1.5 mg/kg; 6 h
later, ampicillin 25 mg/kg IM/IV

High-risk patients allergic to penicillins Vancomycin plus gentamicin Adults: vancomycin, 1.0 g IV over 1–2 h, plus
gentamicin, 1.5 mg/kg (not to exceed 120 mg)

Children: vancomycin, 20 mg/kg IV over 1–2 h,
plus gentamicin, 1.5 mg/kg IM/IV

Moderate-risk patients Ampicillin Adults: 2.0 g IM/IV
Children: 50 mg/kg IM/IV

Moderate-risk patients allergic to penicillins Vancomycin Adults: 1.0 g IV over 1–2 h
Children: 20 mg/kg IV over 1–2 h

a Total children’s dose should not exceed adult dose.
bCephalosporins should not be used in individuals with immediate-type hypersensitivity reaction to penicillin.
IM, intramuscularly; IV, intravenously.
Source: Dajani AS, Taubert KA, WilsonW, et al. Prevention of bacterial endocarditis: recommendations by the American Heart Asso-
ciation. JAMA. 1997;277:1794 –1801.

Regional anesthesia may be a consideration for procedures
involving extremities, the perineum, and the lower abdomen.
Regional anesthetic techniques provide less respiratory and
cardiac depression than general anesthesia. However, patients
may be very sensitive to the vasodilating effects of spinal and
epidural anesthesia. Epidural may be more preferable to spinal
anesthesia because of the more gradual onset of sympathetic
blockade. A single-shot spinal anesthetic is relatively con-
traindicated in patients with “fixed” cardiac output states (e.g.,
critical aortic stenosis [AS]) because these patients are unable
to augment their cardiac output in response to the vasodila-
tion and subsequent hypotension that often accompany this
technique.

The postoperative management of patients with valvular
heart disease should address managing pain control, optimiz-
ing fluid therapy, and restarting anticoagulation if necessary.
Epidural catheters have been shown to provide excellent post-
operative pain relief and should be considered whenever possi-
ble in patientswith valvular heart disease.Major fluid shiftsmay
occur 48 to 72 hours postoperatively, and patients with severe
valvular heart disease require judicious fluid management dur-
ing this phase, possibly with invasive hemodynamic monitor-
ing. For patients who had been anticoagulated prior to surgery,
anticoagulation needs to be restarted, keeping in mind the clin-
ical picture and AHA recommendations.

The anesthetic considerations for valvular heart disease
are discussed further in the context of each valvular lesion.
Intraoperative monitoring is also tailored to the severity of

the valvular disease and the proposed surgery. In addition to
the standard American Society of Anesthesiologists monitors,
othermonitorsmay be employed intraoperatively include intra-
arterial and pulmonary artery catheters, and TEE. Intra-arterial
catheters provide beat-to-beat blood pressure measurement as
well as the ability to monitor blood gases periodically. TEE can
assess the severity of valvular disease accompanying structural
or functional abnormalities and also allows evaluation of valve
repair as well as function of artificial valves. Pulmonary artery
catheters are used to measure cardiac output, mixed venous
saturation, and intracardiac pressures (including pulmonary
capillary wedge pressure), which are important indices of ven-
tricular function and filling, and are useful for guiding intra-
venous fluid and inotropic therapy.

Left-sided valvular lesions
Mitral stenosis
Mitral stenosis (MS) occurs most commonly secondary to
rheumatic fever and typically is functionally significant within
two decades. Most patients are female and have combined
stenosis and regurgitation (40%) rather than isolated stenosis
(25%).

Pathophysiology
MS results from thickening and immobility of the mitral valve
leaflets, which causes an obstruction to blood flow from the
left atrium to the left ventricle. As a result, there is an increase
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in pressure within the left atrium, pulmonary vasculature, and
right side of the heart, whereas the left ventricle is underloaded
in isolated MS.

There is a significant reduction in preload; hence, a fixed
cardiac output state develops. MS markedly affects LV filling,
thereby reducing stroke volume and cardiac output. The left
atrium undergoes volume overload and stretching, which may
result in supraventricular tachycardias, particularly atrial fib-
rillation, further reducing ventricular filling. Back pressure of
blood into the pulmonary circulation causes pulmonary hyper-
tension, leading to right heart failure, hemoptysis, and pul-
monary edema. On the systemic side, the reduced cardiac
output cannot meet oxygen demands, and organ perfusion
is often maintained with a relatively high systemic vascular
resistance.

Risk factors for the development of pulmonary edema inMS
are:

� Mitral valve area �1.5 cm2 (the normal mitral valve area is
4–6 cm2)

� NYHA functional class � II
� Prior adverse cardiac event
� LV ejection fraction (LVEF) � 0.4

Patients with severe MS requiring elective surgery should
undergo mitral valvotomy or balloon valvuloplasty prior
to their elective procedure, as the presence of pulmonary
hypertension is associated with significant morbidity and
mortality.

Pressure–volume loop inmitral stenosis
The pressure–volume loop in MS (Fig. 5.1) shows a reduction
in end-diastolic, end-systolic, and stroke volume. LV function
is normal inmost people withMS, but contractility is decreased
because of chronic underfilling of the left ventricle.
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Figure 5.1. Pressure–volume loop in MS.

Table 5.8. Hemodynamic goals for the intraoperative management of
valvular heart disease

Systemic
vascular Heart

Lesion Preload resistance rate Contractility

Aortic stenosis ↑ ↑ ↓ →
Hypertrophic
cardiomyopathy

↑ ↑ ↓ ↓

Mitral stenosis ↑ → or ↑ ↓ →
Mitral regurgitation ↑ ↓ ↑ →
Aortic regurgitation ↓ ↓ ↑ →

Anesthetic considerations in mitral stenosis
The anesthetic considerations in patients withMS are as follows
(Table 5.8):

� Maintaining a slightly reduced to normal heart rate
facilitates an increase in the time available during diastole,
thus improving LV filling.

� Maintaining sinus rhythm facilitates LV filling with the
contribution from the atrial kick.

� Maintaining an adequate preload is important to generate
an adequate cardiac output. However, fluid therapy should
be titrated with care to avoid precipitating pulmonary
edema in patients with severe disease.

� Maintaining an adequate afterload is vital to help maintain
coronary perfusion.

� Avoiding arterial hypoxemia or hypoventilation that may
exacerbate pulmonary hypertension and evoke right
ventricular failure is crucial.

� Full hemodynamic monitoring is generally indicated for all
major surgical procedures.

� Patients with MS may be very sensitive to the vasodilating
effects of spinal and epidural anesthesia.

Mitral regurgitation
Mitral regurgitation (MR) may occur acutely or gradually as a
result of several different etiologies. Acute MR may occur in
the setting of myocardial ischemia and infarction with papil-
lary muscle dysfunction or chordae tendineae rupture. Chronic
MR is usually caused by rheumatic heart disease, ischemia, or
mitral valve prolapse (MVP).

Pathophysiology
In MR, a portion of the LV stroke volume is ejected backward
into the low-pressure left atrium during systole. As a result, the
forward cardiac output into the aorta is less than the left ventri-
cle’s total output (forward flow plus regurgitant volume).

The direct consequences of MR include:

� An elevation of left atrial volume and pressure
� A reduction of cardiac output
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� Volume-related stress on the left ventricle because the
regurgitant volume returns to the left ventricle in diastole
along with normal pulmonary venous return

Factors that affect the volume of regurgitant flow include:
� Mitral valve orifice size
� Time available for regurgitant flow with each systolic

contraction
� Transvalvular pressure gradient
� Systemic vascular resistance opposing forward LV blood

flow
� Left atrial compliance

In acuteMR, left atrial compliance undergoes little immedi-
ate change and left atrial pressure increases substantially when
exposed to the regurgitant volume. This elevated pressure is
transmitted backward to the pulmonary circulation and right
heart and may precipitate acute pulmonary edema, right-sided
heart failure, and pulmonary hypertension.

In chronic MR, the left atrium dilates and its compliance
increases to accommodate a larger volumewithout a substantial
increase in pressure. Both the left ventricle and left atrium show
volume overload, leading to increased LV end-diastolic volume
with a normal end-diastolic pressure. LV end-systolic volume
is normal with a high stroke volume. However, forward cardiac
output is substantially impaired because the low-pressure left
atrium acts as a “sink” for the LVEF. In chronicMR, the LVEF is
usually high because of the low resistance against the regurgita-
tion. An LVEF of 50%may indicate significant LV dysfunction.

Pressure–volume loop inmitral regurgitation
The pressure–volume loop in MR shows an increase in end-
diastolic volume with high end-diastolic pressure. End-systolic
volume is normal or decreased. In chronic MR (Fig. 5.2), the
end-diastolic volume is increased with a normal end-diastolic
pressure as a result of the chronic dilatation of the left ventri-
cle. The end-systolic volume is normal because of the markedly
increased stroke volume.
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Figure 5.2. Pressure-volume loop in chronic well-compensated mitral
regurgitation with normal left ventricular function.

Anesthetic considerations in mitral regurgitation
The main goals are to promote forward cardiac output and
minimize regurgitant flow by:

� Medical optimization of MR prior to elective surgery with
digoxin, diuretics and vasodilators.

� Maintaining intravascular volume (i.e., an adequate
preload) to supply the dilated left ventricle.

� Maintaining normal to high heart rates (80–100 bpm).
Higher heart rates promote cardiac emptying and tend to
lower LV end-diastolic volume and thus reduce the
regurgitant volume during systole. Bradycardia increases
the regurgitant volume, decreasing the ejected volume into
the aorta.

� Avoiding decreases in contractility. Inotropes with
afterload-reducing effects (e.g., milrinone or dobutamine)
should be considered.

� Minimizing drug-induced myocardial depression.
� Reducing afterload, because reducing systemic vascular

resistance increases forward stroke volume and decreases
the regurgitant volume.

� Performing intraoperative monitoring depending on the
severity of ventricular dysfunction and the procedure. In
patients with severe MR, full hemodynamic monitoring is
recommended. Doppler TEE may be used to quantify the
severity of the regurgitation and guide therapeutic
interventions.

� Noting that patients with mild–moderate MR with
well-preserved ventricular function can tolerate most
anesthetic techniques without complications. However,
patients with higher degrees of MR, especially in the
context of atrial fibrillation, may have a high mortality
rate.

Mitral valve prolapse
MVP is characterized by an abnormality of the mitral valve
support structure that permits prolapse of the valve into the
left atrium during contraction of the left ventricle. The esti-
mated prevalence of MVP is 0.6% to 2%. There appears to be
an increased incidence of MVP in patients with musculoskele-
tal abnormalities, including Marfan’s syndrome, pectus excava-
tum, and kyphoscoliosis.

MVP is the most common valvular cause of chronic MR.
Approximately 10% of patients with MVP develop progressive
MR and will require mitral valve surgery in their lifetime. How-
ever, the natural history of MVP is generally benign, and most
patients have a normal lifespan, although serious complications
may occur; the most common are infective endocarditis, cere-
brovascular accidents (due to embolic phenomena), atrial and
ventricular arrhythmias, the need for mitral valve surgery, and,
rarely, sudden death. Not all patients with MVP need antibiotic
prophylaxis, and these patients must have specific auscultatory
or echocardiographic features to justify antibiotic prophylaxis
(Table 5.5).
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Aortic stenosis
LV outflow tract obstruction may be subvalvular, valvular, or
supravalvular in nature. The most common etiology of AS is
senile calcification and/or fibrosis of a congenital bicuspid valve.
In developed countries, rheumatic aortic valvular disease has
become very uncommon.However, worldwide, rheumatic fever
accounts for a third of all cases of AS.

Pathophysiology
In AS, the narrowed aortic valve creates a resistance to flow
and causes a drop in pressure from the left ventricle to the
aorta. The pathophysiologic changes in AS are related to the
pressure gradient that develops between the left ventricle and
aorta. Usually, when the aortic valve opens in systole, there is
a minimal gradient between the two chambers. As the stenosis
progresses, a resting gradient develops across the aortic valve.
As a compensatory mechanism, the left ventricle hypertrophies
because of increased wall tension to overcome the stenosis. The
increased wall thickness helps normalize wall stress and main-
tain cardiac output within the normal range. In mild and mod-
erate AS, there is little hemodynamic consequence, and the
patient can tolerate this condition for years before the onset of
symptoms.

However, with time, LV hypertrophy leads to a decrease in
diastolic ventricular compliance (a stiff left ventricle); there-
fore, end-diastolic pressure must rise to maintain the same
end-diastolic volume.The decreased diastolic pressure gradient
between the left atrium and left ventricle impairs ventricular
filling. The pulmonary capillary bed is usually protected from
these diastolic filling abnormalities by a forceful left atrial con-
traction, which ensures filling of the stiff left ventricle. In AS,
the left atrial kick contributes up to 40% (normal, 15%–20%)
of ventricular filling. Loss of the atrial kick, as in atrial fibrilla-
tion, results in decreased ventricular filling, causing decreased
cardiac output or a rise in mean left atrial pressures.

When compensatory LV hypertrophy reaches its limits,
muscle degeneration occurs, contractility falls, and the left ven-
tricle dilates to maintain chamber pressure. LV failure ensues,
resulting in high pulmonary artery pressures, a low ejection
fraction (EF), and reduced cardiac output.

Advanced AS is characterized by a triad of dyspnea on exer-
tion, angina, and orthostatic or exertional syncope. Critical
AS is said to exist when the aortic valve orifice is reduced to
�0.7 cm2 (normal, 2.5–3.5 cm2). With severe AS, patients gen-
erate a transvalvular gradient�50mmHg at rest with a normal
cardiac output and are unable to increase cardiac output appre-
ciably in response to demand. Intraoperatively, the presence of
severe AS is associated with an increased risk of acute myocar-
dial infarction, but not death.

Without surgical treatment, most patients with symp-
tomatic AS die within 2 to 5 years. Percutaneous balloon valvu-
loplasty is generally used for younger patients with congenital
AS and for elderly patients who are considered poor surgical
candidates for an aortic valve replacement.
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Figure 5.3. Pressure–volume loop in AS.

Pressure–volume loop in aortic stenosis
To generate a normal stroke volume in AS, the intraventricu-
lar pressure is high as a result of the pressure gradient across
the aortic valve (Fig. 5.3). The end-diastolic pressure is higher
than normal in cases of AS because LV hypertrophy leads to
reduced LV compliance. High systolic wall tension leads to LV
hypertrophy. Initially, LV hypertrophy increases contractility
and decreases wall tension during systole. However, in severe
AS, the left ventricle stiffens and starts to dilate, resulting in
symptoms of LV failure.

Anesthetic considerations in aortic stenosis
Anesthetic considerations in patients with AS are as follows:
� Normal sinus rhythm should be maintained. The ventricle

relies on the atrial kick for filling; hence, sinus rhythm is
crucial in these patients. Emergent cardioversion is
indicated if the patient suffers severe hemodynamic
compromise due to arrhythmias.

� Tachycardia or bradycardia should be avoided. Many AS
patients behave as though they have a fixed stroke volume,
thus cardiac output becomes very rate dependent. High
heart rate promotes heart failure by inadequate diastolic
filling times and inadequate LV emptying. High heart rate
also may aggravate ischemia. Premedication can prevent
anxiety-provoked tachycardia. Bradycardia is also poorly
tolerated. Heart rates between 60 and 90 bpm are optimal.

� A high normal preload should be maintained because a
noncompliant left ventricle requires a high filling pressure
to maintain normal end-diastolic volume.

� Sudden decreases in systemic vascular resistance should be
avoided. In a normal heart, cardiac output rises when
systemic vascular resistance falls; however, in AS, the
stenosis limits the rise in cardiac output. Patients with AS
are extremely sensitive to vasodilators.
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� Myocardial contractility depression should be avoided
through prevention of hypercarbia, hypoxia, and acidotic
states.

� Concomitant ischemic heart disease worsens an already
impaired oxygen delivery system. An adequate aortic
diastolic pressure should be maintained using inotropes,
vasoconstrictors, and fluid.

� Full hemodynamic monitoring should be considered. TEE
can provide useful information for monitoring ischemia,
ventricular preload, contractility, valvular function, and
the effects of therapeutic interventions.

� Patients with mild to moderate AS may tolerate spinal or
epidural anesthesia if it is dosed gradually.

� For general anesthesia, an opioid-based induction
technique avoids excessive cardiac depression. Volatile
agents should be carefully titrated to avoid excessive
vasodilation.

Aortic regurgitation
Aortic regurgitation (AR)may be caused by processes that affect
the aortic valve leaflets or the aortic root and valve-supporting
structures. Acute AR is most often the result of infective endo-
carditis, trauma, or an aortic dissection. Chronic AR is usually
caused by prior rheumatic valvular heart disease or congenital
lesions.

Pathophysiology
Acute AR is characterized by an abrupt regurgitation of blood
into a normal left ventricle, leading to a sudden increase in
LV volume and a marked elevation of LV end-diastolic pres-
sure. The effective forward stroke volume is reduced because
of regurgitant blood flow into the left ventricle during diastole.
Systemic arterial blood pressure and systemic vascular resis-
tance are typically low. The decrease in cardiac afterload helps
facilitate ventricular ejection. The sudden increase in LV end-
diastolic pressure is transmitted to the left atrium and the pul-
monary circulation, often producing dyspnea and pulmonary
edema. Severe acute AR is an emergency requiring immediate
surgery.

In chronic AR, the left ventricle progressively dilates and
undergoes eccentric hypertrophy in response to longstand-
ing regurgitation. The dilated left ventricle facilitates the rapid
return of blood back to the ventricle during diastole, resulting in
a decreased peripheral arterial diastolic pressure. The LV end-
diastolic volume and stroke volume gradually increase because
the left ventricle receives aortic blood in diastole in addition
to blood from left atrium. LV hypertrophy compensates for the
increase in LV volume, but over years, decompensation occurs.
These changes may ultimately cause arrhythmias, LV impair-
ment, and heart failure.

Most patients with chronic AR remain asymptomatic for 10
to 20 years. For patients with chronic AR, the decision regard-
ing aortic valve replacement surgery is based on the presence
of symptoms and should be undertaken before irreversible ven-
tricular dysfunction occurs.
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Figure 5.4. Pressure–volume loops in aortic insufficiency.

In chronic AR, aortic valve replacement surgery is indicated
for patients with:

� NYHA functional class III to IV symptoms, severe AR, and
normal left ventricular systolic function

� NYHA functional class III to IV symptoms with mild to
moderate LV dysfunction (EF between 25% and 49%)

� Asymptomatic severe AR with LV dysfunction (EF �50%)
� Severe LV dilation (LV end-systolic volume dimension

�55 mm) even in the absence of symptoms

Pressure–volume loop in aortic regurgitation
In acute AR, the end-diastolic volume increases with high end-
diastolic pressure (Fig. 5.4). The end-systolic volume is also
greater than normal because of regurgitation during isovolu-
metric relaxation. In chronic AR, the heart may be enormously
dilated but the end-diastolic pressure is normal as a result of
myocardial remodeling.

Anesthetic considerations in aortic regurgitation
Anesthetic considerations in patients with AR are as follows:

� Preoperative medical therapy should be optimized with
digitalis, diuretics, and afterload-reducing agents,
particularly angiotensin-converting enzyme (ACE)
inhibitors. Decreasing the arterial blood pressure reduces
the diastolic gradient for regurgitation.

� Preload should be maintained, but fluids should be titrated
carefully to avoid precipitating pulmonary edema.

� Heart rate should be maintained at the upper limit of
normal (80–100 bpm). Bradycardia should be avoided
because it is associated with increased diastolic filling time,
which increases the regurgitant volume. Excessive
tachycardia also may contribute to myocardial ischemia.

� A sudden increase in systemic vascular resistance should
be avoided because it increases regurgitation.

� Metabolic and drug-induced myocardial depression should
be minimized.
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� Excessive decreases in diastolic pressure should be avoided
so that coronary artery perfusion pressure is maintained.

� Full hemodynamic monitoring may be indicated in
patients with acute AR and severe chronic AR.

� Most patients with AR tolerate spinal and epidural
anesthesia if intravascular volume is maintained.

� For general anesthesia, the use of isoflurane or desflurane
may be beneficial because of its associated vasodilation. In
patients with depressed ventricular function, an
opioid-based general anesthetic technique should be
considered.

Right-sided valvular lesions
Tricuspid stenosis
Tricuspid stenosis is rare and usually coexists with MS, occur-
ring as a sequela of rheumatic heart disease. It is often found in
women; it also is seen in association with carcinoid syndrome.
The resulting back pressure into the right atrium often results in
upper-extremity venous congestion, hepatic enlargement, and
ascites. Surgical therapy is usually required (valvuloplasty or
valve replacement).

Tricuspid regurgitation
Tricuspid regurgitation (TR) is typically functional rather than
structural in that it develops after right ventricular enlargement
(e.g., as a result of pressure or volume overload) rather than pri-
mary valvular disease. TR also may follow infective endocardi-
tis, rheumatic fever, carcinoid syndrome, or chest trauma or
may be a result of Ebstein’s anomaly (downward displacement
of the tricuspid valve, resulting from abnormal attachment of
the valve leaflets). TR is generally well tolerated bymost patients
in the absence of pulmonary hypertension. Treatment is aimed
at the underlying disease process. Inmoderate to severe TR, tri-
cuspid annuloplasty may be considered.

Pulmonary stenosis
Pulmonary stenosis (PS) is rare and almost always secondary to
a congenital deformity of the valve. Severe PS is associated with
a peak systolic gradient �80 mm Hg, moderate disease with a
gradient of 40 to 80 mm Hg, and mild PS with a transvalvular
gradient �40 mm Hg. In moderate to severe PS, transcatheter
balloon valvuloplasty should be considered.

Pulmonary regurgitation
Pulmonary regurgitation (PR) refers to diastolic retrograde
flow from the pulmonary artery into the right ventricle. Phys-
iologic (trace-to-mild) PR is present in nearly all individuals,
particularly in those with advancing age. However, pathologic

conditions that produce excessive and clinically significant
regurgitation may result in impairment of right ventricular
function and eventually clinical manifestations of right-sided
volume overload and heart failure.

Incompetence of the pulmonic valve occurs because of one
of three pathologic processes: dilatation of the pulmonic valve
annulus, acquired alteration of pulmonic valve cusp morphol-
ogy, or congenital absence or malformation. Congenital PR
and congenital absence of the pulmonic valve are rare condi-
tions. Acquired PR may develop in the setting of severe pul-
monary hypertension or dilated cardiomyopathy or after surgi-
cal or percutaneous relief of PS following repair of tetralogy of
Fallot. Treatment options for PR focus on treating the under-
lying cause. Pulmonic valve replacement is an option if symp-
toms and signs of right ventricular dysfunction develop, but
outcomes and risks are unclear because the need for replace-
ment is so infrequent.
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Chapter

6 Obesity
Liem C. Nguyen and Stephanie B. Jones

The perioperative management of obese (body mass index
[BMI] ≥ 30 kg/m2) and morbidly obese (BMI ≥ 35 kg/m2)
patients presenting for surgery carries a significantly higher risk
of morbidity and mortality compared with that of nonobese
patients. The obese state elicits a complex physiologic response
in a variety of organ systems. The comorbidities associated
with obesity present a unique challenge to the anesthesiologist,
whose expertise in the perioperative management of this group
may have a positive impact on surgical outcome.The number of
obese patients presenting for surgery has increased markedly
over the past decade. It is well known that perioperative risk,
including mortality, is directly related to BMI, with the highest
risk in patients with a BMI � 40 kg/m2 (Table 6.1).

Obesity as a physiologic state
Obesity is best described as a physiologic state characterized by
an imbalance between energy supply and demand.The thermo-
dynamic and physiologic alterations seen in obesity are primar-
ily a result of an excess of stored energy in the form of adi-
pose cells and the effect of this tissue type on overall cellular
metabolism and respiration. On the demand side, the energy
requirements can be divided into two categories: energy expen-
diture to maintain homeostasis and energy afforded to match
physical activity. This is predicated on the fact that each kilo-
gram of adipose tissue is supplied by a prerequisite number
of blood vessels. The overall result is a cardiovascular system
characterized by a volume-avid and high cardiac output state
(Fig. 6.1).

Preoperative considerations
Cardiovascular system
The preoperative evaluation of the obese patient begins with
a detailed evaluation of the cardiopulmonary system and the
airway. The obese patient has an increased prevalence of

Table 6.1. Important indices for diagnosing obesity

BMI Body weight (kg)/height2 (m)
Waist circumference >100 cm (males), > 90 cm (females)
Waist–hip ratio >1.0
IBW (kg) Height (cm) – 100

altered cardiorespiratory mechanics predisposing the patient
to ventilation–perfusion mismatch and hypoxemia (Table 6.2).
It is thus prudent to pay particular attention to the specific
signs and symptoms of any compromised cardiopulmonary
reserve. The practitioner may be alerted to the presence or
absence of symptoms (resting or exertional fatigue, dysp-
nea, orthopnea, angina, syncope) and signs of cardiac failure
(increased jugular venous distention, adventitious heart or lung
sounds, peripheral edema, hepatomegaly). Unfortunately, these
symptoms and signs may be obscured by fatty tissue and/or
inactivity, necessitating a lower threshold for further cardiac
workup.

The electrocardiogram (ECG) may confirm or identify the
presence of left or right ventricular hypertrophy, ventricu-
lar strain or regional myocardial ischemia, and/or previous
myocardial infarction. Chest radiography may reveal signs of
pulmonary congestion. The ECG may be invaluable in demon-
strating regional wall motion abnormalities, compromised
systolic or diastolic function, evidence of ventricular strain or
overload, or valvular abnormalities. In fact, the presence of tri-
cuspid regurgitation on echocardiographymay be themost use-
ful confirmation of pulmonary hypertension.

Pulmonary system and airway
The examination of airway anatomy has been studied, and con-
sequently a relationship between increased neck circumference
and difficult intubation has been proposed. A neck circumfer-
ence�60 cmwas associatedwith a 35% chance of “problematic”
intubation in one study. An increase in neck circumference or
excess pharyngeal soft tissue may indicate a predisposition to
upper airway narrowing or collapse and thus difficultmask ven-
tilation following induction of anesthesia. Resistance to airflow
and patency of the airway in these patients depend on pharyn-
geal muscle tone. Airway obstructionmay result during admin-
istration of sedatives.

With respect to respiratory mechanics, an excess of adipose
tissue in the abdomen and thorax generates a significant reduc-
tion in diaphragmatic mobility, with a resultant decrease in
functional residual capacity (FRC) and total lung capacity. Lung
volumes are reduced further in the supine and anesthetized
state. This may be ameliorated somewhat by the application of
positive end-expiratory pressure (PEEP; described later), but
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Figure 6.1. Cardiovascular changes in obesity.

possibly to the detriment of cardiac output. The plethora of
tissue in the chest cavity also decreases respiratory compliance
and increases resistance to airflow, all of which worsen in the
anesthetized supine patient. Moreover, obesity increases oxy-
gen consumption and carbon dioxide production because of

the abundance of metabolically active adipose cells and the
increased energy requirement of the obese state. Mean oxygen
consumption is increased by as much as 25% in this popula-
tion; however, this demand is matched by an overall increase in
minute ventilation and cardiac output.

Table 6.2. Obesity and associated comorbidities

Organ system Comorbidity Anesthetic implications

Cardiovascular Hypervolemic state Increased volume of distribution, hypertension
High cardiac output state Cardiomegaly, CHF
CHF (systolic and diastolic dysfunction) Increased risk of perioperative CHF
Ischemic heart disease Myocardial infarction, heart failure
DVT Perioperative thromboembolism, pulmonary embolism, need for DVT prophylaxis
Hypertension Myocardial ischemia, LV failure
Valvular heart disease Heart failure
Peripheral vascular disease Reduced blood flow, limb ischemia, poor wound healing

Pulmonary OSA Hypercarbia, respiratory acidosis, polycythemia, difficult ventilation
Pulmonary hypertension Right heart failure
Restrictive lung volumes Shorter time to hypoxia, difficult oxygenation
Difficult airway management Difficult ventilation and intubation, pulmonary aspiration

Endocrine Diabetes and insulin resistance Cardiovascular disease, central obesity, perioperative glucose control
Hypercholesterolemia Systemic cardiovascular disease

Gastrointestinal Gastroparesis Pulmonary aspiration, delayed gastric emptying, PONV?
GERD Rapid sequence intubation, risk of pulmonary aspiration
Fatty liver Altered liver function
Hepatobiliary disease Cholelithiasis, biliary obstruction, hepatic insufficiency

Renal Increased GFR, RBF Predisposition to renal insufficiency, greater fluid requirements, altered clearance
of drugs; consider discontinuation of ACE inhibitors and/or diuretics

CNS Hypersensitivity to CNS depressants Hypersomnolence, central apnea, reduced drug requirement
Cerebrovascular disease Decreased cerebral blood flow

Hematologic Polycythemia Increased viscosity, poor rheology, platelet aggregation
Thrombosis DVT and pulmonary embolus
Poor wound healing Wound infections

CHF, congestive heart failure; CNS, central nervous system; GERD, gastroesophageal reflux disease; LV, left ventricular.
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The incidence of obstructive sleep apnea (OSA), also termed
sleep-disordered breathing, in the morbidly obese may be as
high as 90% and may be undiagnosed in most cases. The
strong association of severe obesity with OSA, altered lung
mechanics, and increased oxygen consumption predispose
this patient population to rapid development of hypoxemia
during periods of apnea (Fig. 6.2). The presence of OSA
may signify a higher likelihood of difficult ventilation and/or
intubation.

Apnea, which usually lasts 10 seconds or longer, leads to
hypoxemia and hypercapnia. The effects of long-term OSA
lead to the development of the “obesity-hypoventilation” or
“Pickwickian” syndrome, characterized by obesity, hypoxemia,
hypercarbia, daytime hypersomnolence, polycythemia, pul-
monary hypertension, and right heart failure. Ischemic heart
disease and cerebrovascular disease may be associated. There
is evidence to indicate that preoperative continuous positive
airway pressure (CPAP) treatment may reduce or even reverse
some of the cardiovascular changes observed with severe OSA.
There also is emerging evidence for the utility of preoperative
polysomnography in select patients to identify the presence and
severity of OSA.

Renal system
There is an increase in renal blood flow (RBF), glomerular
filtration rate (GFR), and tubular reabsorption in the obese
state. Glucose intolerance often presents as proteinuria in obese
patients. Measured GFR may be increased as much as 40%.
This increased RBF and GFR may be related and proportional
to the relative increase in blood volume and cardiac output
seen in the obese state. As a result, the clearance of renally
excreted drugs may be increased. In the perioperative period,

the obese patient may exhibit an increased susceptibility to
hypovolemia and prerenal azotemia, especially in the setting
of diuretic, angiotensin-converting enzyme (ACE) inhibitor, or
nonsteroidal anti-inflammatory drug (NSAID) therapy and/or
the presence of cardiac impairment.

Discontinuation of pharmacologic agents that may reduce
GFRandRBFmay bewarranted tominimize the risk ofworsen-
ing renal insufficiency or precipitating acute renal failure in the
perioperative setting.This highlights the importance of volume
loading and maintaining euvolemia in these patients through-
out the perioperative period to prevent acute tubular necro-
sis. It also is important to mention that the intraoperative fluid
requirements may be significantly greater than calculated for
normal-weight patients. The presence of any systolic or dias-
tolic cardiac dysfunction also may require specific adjustment
in fluid administration.

Gastrointestinal system
Based on early studies, obesity was considered a risk factor
for gastrointestinal reflux and pulmonary aspiration. This con-
cept has been challenged recently, and the increased incidence
of a difficult airway and its management may be a significant
contributing factor to the risk of aspiration in this population.
Nonetheless, the reverse Trendelenburg position may be used
during induction and emergence to minimize cephalad dis-
placement of the diaphragm due to intra-abdominal pressure,
thereby reducing aspiration risk and improving lung volumes
and respiratorymechanics.The pharmacologic use ofH2 antag-
onists, proton pump inhibitors, and gastric motility agents has
been studied in detail. The administration of these agents may
reduce the complications of aspiration but most likely does not
reduce the risk.
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The presence of hepatobiliary disease in the obese state is
clearly increased comparedwith nonobese patients. In fact, fatty
infiltration of the liver and cholelithiasis are common findings
in this population. Abnormal cholesterol metabolism may pre-
dispose obese patients to hepatic dysfunction and postoperative
cholelithiasis.

Induction of anesthesia and airway management
Increasing the preparation time for themanagement of a poten-
tially difficult airway is a crucial but often overlooked safety
factor, particularly during the induction of anesthesia in the
obese patient. Several specific maneuvers have been shown to
provide optimization during the period of nonhypoxic apnea.
During the critical preoxygenation phase of induction, it is rec-
ommended that the patient be placed in a 30◦ reverse Trende-
lenburg or sitting position, which has been shown to be more
effective than preoxygenation in the supine position.

It is important to note that the use of intubating laryn-
geal mask airway devices has been shown to be as rapid and
effective in securing the airway as conventional direct laryn-
goscopy in obese patients. Early placement of a laryngeal mask
airway prior to muscle paralysis may represent an even quicker
and more effective modality for establishing adequate ventila-
tion before intubating the trachea. Such devices improve suc-
cess rates when attempting ventilation prior to securing the
airway and should be immediately available during induction.
The immediate availability of additional airway adjuncts, such
as an Eschmann stylet, bougie, or a fiberoptic bronchoscope,
may further improve success rates in the management of the
difficult airway.

Adequate prophylaxis of pulmonary aspiration (aim of gas-
tric volume � 25 ml and pH � 2.5), including metoclopramide
and H2 receptor blockers, may be considered. Rapid sequence
induction with cricoid pressure may often be selected in the
presence of a normal anticipated airway. Difficult venous access
and positioning of extremities with adequate padding also
should be considered. In addition, regional anesthesia may be
technically difficult in obese patients.

Drug administration
The increased cardiac output and relative hypervolemic state in
obesity necessitate changes in drug dosing during the induc-
tion and maintenance of anesthesia. The volume of distri-
bution of many of the lipophilic anesthetic agents, such as
propofol, thiopental, benzodiazepines, and opioids, is observed
to be much greater in obese than nonobese patients because
of a greater distribution into the extravascular compartment,
mainly adipose tissue. Accordingly, recommended induction or
loading doses of lipophilic agents are calculated based on total
bodyweight (TBW) and not ideal bodyweight (IBW) to achieve
an effective plasma concentration.

The pharmacokinetics of remifentanil are similar in obese
and lean individuals, and this agent may be an excellent short-
acting alternative to other opioids for the obese patient. The

unique and predictable metabolism of remifentanil also may be
exploited in the setting of renal or hepatic dysfunction because
of the renal- and hepatic-independent hydrolysis of this ester
compound (metabolized by esterases). In summary, the ratio-
nal basis for the administration of lipophilic induction agents
should be based on TBW because of a proportional increase in
the volume of distribution with increased body mass.

In contrast, less lipophilic compounds, such as the nondepo-
larizing neuromuscular blocking agents, display negligible dif-
ferences in the volume of distribution in obese versus nonobese
patients; therefore, loading doses of cisatracurium and rocuro-
nium by IBW are recommended. This is primarily a func-
tion of the relatively homogenous distribution of hydrophilic
agents into the plasma compartment, with limited drug distri-
bution into the extravascular fat depot. However, the admin-
istration of succinylcholine (hydrophilic) deserves particular
attention in that the pseudocholinesterase activity is higher
in obese patients, necessitating dosages (1–2 mg/kg) based on
TBWand not IBW.Conversely, the loading doses of hydrophilic
agents such as muscle relaxants, local anesthetics, and antibi-
otics should be based on IBW, given their relative confinement
to the plasma compartment. With respect to repeated admin-
istration of both lipophilic and hydrophilic compounds, an
assessment of the patient’s IBW and overall renal status should
determine dosage requirements. Pharmacokinetic parameters
of commonly used anesthetic drugs are outlined in Table 6.3.

Drug elimination is determined primarily by clearance
mechanisms, with renal excretion being the most dominant.
Repeated administrations or infusion doses of a drug must take
into account the increase in GFR in obesity, the presence of
renal insufficiency, or the possibility of changing renal function
during the perioperative period. Repeated administration or
infusion of both lipophilic and hydrophilic compounds there-
fore should be dictated by the patient’s overall renal function
(taking into account GFR and renal dysfunction) and IBW
(not TBW).

The ideal choice of inhalational anesthetic has been studied
prospectively in randomized controlled trials. Desflurane and
sevoflurane for maintenance anesthesia have been suggested as
the inhaled agents of choice because of their rapid and con-
sistent recovery profile, better hemodynamic control, reduced
incidence of postoperative nausea and vomiting (PONV), and
overall cost-effectiveness and hospital discharge time compared
with isoflurane- or propofol-based techniques. A comparison of
the recovery profiles of desflurane versus sevoflurane has shown
no clinically significant differences in recovery or emergence
times.

Intraoperative considerations
Several methods to improve intraoperative oxygenation in
obese patients have been evaluated. Specifically, large tidal
volume ventilation has been investigated, and studies indicate
that volumes �13 ml/kg do not confer any additional benefit
in oxygenation or ventilation. In fact, the risk of volutrauma,
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Table 6.3. Pharmacokinetic parameters of the main anesthetic drugs given to obese and nonobese subjects

Volume of
distribution (L)

Volume of
distribution
(L/kg TBW)

Total body
clearance
(ml/min)

Terminal
elimination half-life

Dose
Drug Control Obese Control Obese Control Obese Control Obese recommendations

Thiopental 1.4 4.7∗∗ 197.2 416.3∗ 6.3 h 27.8 h∗∗ LD reduced
Propofol 13.0 17.9 2.09 1.8 28.3 24.3 4.1 4.05 LD and MD based on

TBW
Diazepam 90.1 291.9∗ 1.533 2.81∗ 1600 2300 40 h 95 h∗∗ LD adjusted to TBW, MD

adjusted to IBW
Lorazepam 77 131∗ 1.23 1.25 4000 6000∗∗ 23.9 h 33.5 h∗∗ LD adjusted to TBW, MD

adjusted to IBW
Midazolam 114 311∗∗ 1.74 2.66∗∗ 530 472 2.27 h 5.94 h∗∗ LD adjusted to TBW, MD

adjusted to IBW
Atracurium 8.5 8.6 0.141 0.067 404 444 19.8 min 19.7 min Dose calculated on TBW
Vecuronium 59.0 44.7 0.99 0.47∗∗ 325 260 133 min 119 min Dose calculated on IBW
Rocuronium 0.14 0.09∗ 0.45 0.03 70 min 75 min Reduced infusion rate
Sufentanil 346 547∗ 4.8 5.8 1780 1990 135 min 208 min∗ LD based on TBW, MD

reduced
Remifentanil 6.8 7.5 0.1 0.07∗ 2700 3100 Dosage based on IBW

LD indicates loading dose; MD, maintenance dose.
∗ P � 0.05 vs control group subjects.
∗∗ P � 0.01 vs control group subjects.
Source: Casati A, Putzu M. Anesthesia in the obese patient: pharmacokinetic considerations. J Clin Anesth 2005; 17(2):134–145.

with alveolar injury and pulmonary edema, is a risk of high
tidal volume ventilation. Vital capacity or recruitment maneu-
vers represent an important intraoperative strategy in improv-
ing oxygenation. The administration of PEEP also has been
examined. Levels up to 15 cmH2O have been shown to improve
FRC and oxygenation; therefore, PEEP may be a more effective
strategy than high tidal volume ventilation to improve oxygena-
tion. The beneficial effects of PEEP in increasing intra-alveolar
pressure also may reduce lung water content and pulmonary
edema. However, the hemodynamic effects of PEEP have to be
considered, especially in the setting of surgically induced pneu-
moperitoneum during laparoscopy and the reverse Trendelen-
burg position.Theavoidance of nitrous oxide (or�50%)during
anesthesia may be beneficial in maintaining oxygenation.

During laparoscopy, the effects of intra-abdominal pres-
sure may deleteriously affect respiratory mechanics and the
ventilation–perfusion ratio in the obese state.The abundance of
abdominal tissue and cephalad displacement of the diaphragm
frompneumoperitoneum, surgical retraction, abdominal pack-
ing, or theTrendelenburg positionmay exert a negative effect on
FRC and total lung capacity. Ventilation–perfusion mismatch
mayworsen in this situation because of compromised diaphrag-
matic excursion, leading to hypercarbia and hypoxemia. Car-
bon dioxide absorption from intra-abdominal insufflation may
further worsen hypercarbia, acidosis, pulmonary vascular resis-
tance, and right ventricular strain.

Postoperative considerations
The increased prevalence of OSA, increased central sensitivity
to respiratory depressants, reduced cardiopulmonary reserve,

and risk of thromboembolic complications all may contribute
to greater morbidity andmortality in obese patients in the peri-
operative period. The administration of bilevel positive airway
pressure (BiPAP) or CPAP in this patient cohort has proved
to be an effective modality to prevent postoperative atelectasis
and hypoxia. Early treatment and recognition of postoper-
ative hypoxemia with noninvasive positive pressure ventila-
tion support also may decrease the incidence of respiratory
failure, intensive care unit admission, pneumonia, infection,
and sepsis.

Obesity is a major risk factor for mortality from acute pul-
monary embolism, usually occurring during the postoperative
period.The perioperative stress response, as evident by elevated
cortisol, antidiuretic hormone, and circulating catecholamines,
may further heighten the risk in a group already predisposed
to thromboembolism and sudden death, particularly in the
setting of immobility. Preoperative administration of heparin
subcutaneously and every 12 hours thereafter has been shown
to markedly reduce the incidence of deep venous thrombosis
(DVT). Low molecular weight heparin at a dosage of 30 mg
every 12 hours also has been shown to reduce the incidence of
DVT without an increase in bleeding complications.

Postoperative painmanagement
The physiologic perturbations in obese patients predispose this
group to a markedly increased incidence of postoperative car-
diopulmonary complications, which has provided the impe-
tus for the generally accepted multimodal and opioid-sparing
pain management techniques aimed at minimizing postop-
erative respiratory depression and improving recovery times.
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Consistent with this approach is the administration of NSAIDs,
the infiltration of local anesthetics at incision sites, and the use
of opioid-free neuraxial epidural analgesia, all of which have
been shown to be safe and effective options in reducing opioid
requirements and improving pulmonary function postopera-
tively. More recently, the perioperative administration of phar-
macologic adjuncts such as N-methyl-d-aspartate (NMDA)
receptor antagonists (ketamine) or �2-agonists (dexmedetomi-
dine) has shown great promise in decreasing overall opioid
consumption in the postoperative period when initiated intra-
operatively. Collectively, the aforementioned strategies may be
used to deliver more effective perioperative pain management
in addition to reducing overall cardiopulmonarymorbidity and
mortality in this high-risk population.
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7 Chronic renal failure
Edward A. Bittner

It is estimated that 8 million Americans have chronic renal fail-
ure (CRF), as defined by an estimated glomerular filtration rate
(GFR) �60 ml/min/1.73 m2 for at least 3 months. Loss of renal
function hampers the ability to handle fluids and acid loads,
to eliminate potassium and other electrolytes, and to excrete
and/or metabolize medications, including anesthetics. Patients
with CRF are at high risk for progression of their renal disease
in the perioperative period that may be precipitated by oth-
erwise seemingly mild hemodynamic perturbations, nephro-
toxins, and hypovolemia. End-stage renal disease (ESRD) is
treated by either dialysis or transplantation. A widely used
classification divides CRF into stages based on estimated GFR
(Fig. 7.1).These stages help facilitate clinical practice guidelines
and management approaches.

Etiology
Any disorder that permanently destroys the nephrons may
result in chronic renal failure. Common causes of CRF are
diabetic nephropathy, hypertensive nephrosclerosis, chronic
glomerulonephritis, tubulointerstitial disease, renovascular
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Figure 7.1. Classification of chronic kidney disease: normal >90, mild =
60–89, moderate = 30–59, severe = 15–29, ESRD/dialysis <15. Values are GFR
(glomerular filtration rate) in ml/min/1.73 m2.

disease, and polycystic kidney disease. The cause of the CRF
has an impact on management. Patients with primary renal
disease (e.g., IgA nephropathy) likely are younger and have
good cardiopulmonary reserve. Older patients with CRF due to
diabetes mellitus or hypertension also may suffer from diffuse
atherosclerosis and heart disease.

Pathophysiology
Azotemia refers to retention of nitrogenous waste products as
renal insufficiency develops. Uremia refers to more advanced
stages of renal insufficiency in which complex, multiorgan sys-
tem derangements manifest clinically. It results from the inabil-
ity of the kidney to regulate the volume and composition of
extracellular fluid and to excrete waste products.The blood urea
nitrogen (BUN) may serve as a marker for uremia but does not
cause all the manifestations of the syndrome, and may be ele-
vated independently of renal failure.

Fluid and electrolyte imbalance
Fluid imbalance
Fluid balance in ESRD is difficult to manage because the num-
ber of functioning nephrons is too small to either fully con-
centrate or dilute the urine. A narrow margin for error exists
in fluid management, alternating between hypo- and hyper-
volemia. As little as a positive 500ml fluid balancemay result in
hypervolemia. Excessive fluid and sodium intake quickly results
in hypervolemia, pulmonary edema, and hypertension.

Metabolic acidosis
Failure to excrete nonvolatile acids (sulfates, phosphates) results
in a chronic anion gap metabolic acidosis. In the preop-
erative period, this metabolic acidosis usually is well com-
pensated (respiratory) but is associated with a markedly
diminished buffer base. Minor superimposed acidosis or bicar-
bonate loss can quickly lead to profound acidemia. Intraop-
eratively, the metabolic acidosis is unmasked with standard
mechanical ventilation. Postoperatively, residual anesthetics
and opioids may cause CO2 retention which will worsen pre-
existing acidosis. In addition, opioid-induced narcosis may
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Table 7.1. Factors contributing to hyperkalemia in CRF

Potassium intake
Increased dietary intake
Intravenous supplementation
Blood transfusion
GI hemorrhage

Potassium released from intracellular stores
Increased catabolism from trauma, major surgery, sepsis
Acute acidosis
β-Blockers
Insulin deficiency
Succinylcholine
Digitalis toxicity

Impaired potassium excretion
Acute decrease in GFR
Constipation
K+-sparing diuretics
Angiotensin-converting enzyme inhibitors
Heparin

cause CO2 retention with worsening metabolic acidosis and
hyperkalemia.

Electrolyte imbalance
Patients with CRF may present with a wide range of serum K+

levels. CRFpatients can generallymaintain potassium excretion
at near-normal levels as long as aldosterone secretion and dis-
tal tubule flow are maintained. Acute hyperkalemia suppresses
cardiac electrical conduction and may result in asystole. Elec-
trocardiographic (ECG) manifestations of hyperkalemia (pro-
longed PR interval, widened QRS, peaked T waves) are helpful
but often not present. Conditions and drugs that can induce
acute hyperkalemia in patients with CRF are summarized in
Table 7.1. Hypokalemia, although uncommon in patients with
CRF, may occur as a result of the effects of malnutrition and
aggressive dialysis. Acute hypokalemia lowers the arrhythmia
threshold, and these arrhythmias may be refractory to therapy
unless hypokalemia is corrected. Caution regarding potassium
repletion is essential in patients with CRF, as acute hyper-
kalemia easily may result.

Hypermagnesemia may result from inadequate dialysis or
ingestion of magnesium-containing antacids or cathartics. It is
manifested by skeletal weakness and potentiation of nondepo-
larizing muscle relaxants. Calcium administration may antago-
nize the effects of hypermagnesemia.

CRF results in impaired phosphate excretion and decreased
vitamin D3 synthesis, resulting in hyperphosphatemia and
hypocalcemia. In response, parathyroid hormone is released,
resulting in bone resorption and extracellular calcium release
(secondary hyperparathyroidism). Elevation of the calcium
phosphate product may result in metastatic calcification (cal-
ciphylaxis), especially in blood vessels and skin. Renal osteodys-
trophy refers to the changes in mineral metabolism and bone
structure that occur in CRF. It manifests as skeletal and joint
deformity, osteomalacia, and spontaneous fractures. Treatment
of hyperphosphatemia, hypocalcemia, and renal osteodystro-
phy consists of administration of vitamin D and calcium,

phosphate binders, and dietary phosphate restriction. Parathy-
roidectomy with autograft of parathyroid tissue may be used to
treat severe secondary hyperparathyroidism.

Cardiovascular disease
Cardiovascular disease is the leading cause of death in patients
with CRF. The increased prevalence of coronary artery disease
in patients with CRF derives from both traditional and CRF-
related risk factors. CRF-related risk factors include chronic
volume overload, anemia, hyperparathyroidism, and chronic
inflammation. The combination of hypertension and disor-
dered glucose and fat metabolism in patients results in an accel-
erated form of atherosclerosis. Conduction blocks also may be
encountered in patients with CRF as the result of deposition of
calcium in the conduction system.

Abnormal cardiac function, secondary to ischemic myocar-
dial disease and/or left ventricular hypertrophy combined with
fluid overload and the increased demands imposed by ane-
mia and hypertension, makes these patients particularly prone
to congestive heart failure. In addition, a unique form of pul-
monary edema may occur in the absence of fluid overload in
patients with ESRD. This “low-pressure” pulmonary edema is
the result of increased permeability of alveolar capillary mem-
branes, which usually responds well to dialysis.

Pericarditis is a potentially fatal complication that may
develop with uremia. It occurs more often in underdialyzed
patients than in patientswhoundergo regular dialysis.Thediag-
nosis should be considered in any patient with advanced CRF
who develops unexplained hypotension. Chest pain or ST ele-
vations characteristic of other causes of pericarditis may not be
present, and a friction rub may not be audible if a large effusion
is present.

Pulmonary function
Patients with CRF have an increased risk of postoperative
pulmonary complications. Low oncotic pressure from hypoal-
buminemia in the presence of fluid overload may result in
pulmonary edema. Decreased muscle mass and decreased
surfactant reduce lung volumes and increase the risk of atelecta-
sis. Impaired immune function results in increased susceptibil-
ity to pneumonia. Patients with CRF may depend on increased
minute ventilation to compensate formetabolic acidosis, result-
ing in an increased potential for respiratory failure.

Neurologic alterations
Central nervous system dysfunction from uremic encephalopa-
thy may range from subtle personality changes to drowsiness,
asterixis, myoclonus, and seizures. Neurologic signs and symp-
toms depend on the rapidity of progression of uremia rather
than on the absolute level of BUN or serum creatinine. Periph-
eral neuropathy (“stocking-and-glove” distribution) is common
and is an indication for hemodialysis. Autonomic neuropa-
thy likely coexists with peripheral neuropathy and manifests as
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orthostatic hypotension, impaired circulatory response to anes-
thesia, potential for silent ischemia, and impaired gastric emp-
tying.

Hematologic alterations
Anemia
CRF frequently is associatedwith a normochromic, normocytic
anemia (hematocrit 25%–28%) due to multiple factors, includ-
ing decreased erythropoietin production, decreased red cell
survival due to dialysis, blood loss via the gastrointestinal (GI)
tract, frequent blood sampling, and iron or vitamin deficiencies.
Compensatory mechanisms for the chronic anemia include
increased cardiac output and a rightward shift of the oxyhe-
moglobin curve. Treatment of CRF patients with recombinant
erythropoietin decreases transfusion requirements, reduces
mortality, and improves their quality of life. The anemia of
CRF usually is well tolerated for routine/elective surgeries,
and the target hemoglobin can be reached through erythro-
poietin administration and iron supplementation. Transfu-
sion is appropriate for patients with CRF when extensive
surgery is planned and there is a potential for excessive blood
loss.

Uremic coagulopathy
The pathogenesis of uremic bleeding is multifactorial, but it is
causedpredominately by alterations in platelet function, includ-
ing diminished platelet degranulation and reductions in platelet
adenosine diphosphate (ADP) and serotonin stores. CRF also
results in impaired activation of glycoprotein IIb/IIIa recep-
tors on the platelet membrane, resulting in reduced binding to
von Willebrand factor and fibrinogen. Red blood cells improve
platelet function through ADP release, inactivation of prosta-
cyclin, and enhancement of platelet–vessel wall interactions.
Consequently, anemia is an additional contributor to platelet
dysfunction.

The resulting coagulopathy in patients with CRF increases
the risk of surgical bleeding and predisposes to GI bleed-
ing, intracerebral hemorrhage, and hemorrhagic pericardial
effusion. Diagnosis of uremic coagulopathy may be difficult
because the standard coagulation tests – prothrombin time, par-
tial thromboplastin time, and platelet count – usually are nor-
mal in patients with CRF. Interventions to reduce bleeding in
patients with CRF include a hematocrit goal of 30% for major
operations; administration of recombinant erythropoietin,
desmopressin acetate (DDAVP), cryoprecipitate, or conjugated
estrogens; and intensification of the dialysis regimen using
heparin-free or low-dose heparin hemodialysis.

Malnutrition
Malnutrition is prevalent among patients with CRF as a result
of multiple factors, including decreased nutritional intake,
increased protein catabolism, and dialytic losses. A strong asso-
ciation exists between malnutrition and increased morbidity

and mortality in this population. In addition, nutritional sta-
tus has a well-established impact on wound healing, infection
prevention, and recovery following serious illness. A low BUN
level does not necessarily indicate that a patient is well dialyzed
but may reflect poor protein intake.

Gastrointestinal dysfunction
Urea acts as a mucosal irritant, and uremic enteropathy may
result in inflammation of the entire GI tract. Peptic ulcer dis-
ease is prevalent in patients with CRF, and occult GI bleeding
may occur. Nausea and vomiting are common in patients with
severe uremia and predisposes to an increased risk of regurgi-
tation and aspiration with anesthesia.

Infections
Infections are second to cardiovascular disease as the leading
cause of death in patients with CRF. The frequency and sever-
ity of infections in this population are the result of leukocyte
and immune dysfunction caused by uremia, diabetes melli-
tus, malnutrition, and the inflammatory response to dialysis. In
addition, there is an increased exposure to bacterial pathogens
through dialysis grafts and catheters, resulting in increased fre-
quency of sepsis, impaired wound healing, dehiscence, fistulas,
and pressure ulcers. The diagnosis of infection may be diffi-
cult because many patients with ESRD have baseline hypother-
mia and bacteremia (which may not be associated with fever).
The incidence of hepatitis B and C in patients on chronic dialy-
sis is high because of frequent exposure to blood products. All
patients ondialysis should be treated as potentially infected, and
medical personnel should take precautions against exposure.

Pharmacologic alterations
The pharmacokinetics of many anesthetic and perioperative
drugs are altered in CRF. These alterations may be the result of
changes in compartment volumes, electrolytes, pH (acidemia
resulting in a higher percentage of nonionized drug), decreased
serum protein concentration (resulting in increased bioavail-
ability of protein-bound drugs), impaired biotransformation,
and rates of excretion. Lipid-soluble drugs are poorly ionized
and undergo metabolism by hepatic transformation to water-
soluble forms before elimination by the kidney. Ionized drugs
tend to be eliminated unchanged by the kidney, and their dura-
tion of action may be prolonged with CRF. Respiratory depres-
sion is more common with opioids and sedative agents. An
altered pharmacodynamic effect also should be anticipated in
patients with CRF.

The duration of action ofmany drugs administered by bolus
or short-term infusion is determined by redistribution not
elimination. Consequently, the loading dose does not need to
be altered significantly in CRF (unless there is altered phar-
macodynamic effect). However, with repeated dosing or long-
term infusion, the duration of action depends on elimination;
therefore, maintenance doses of drugs with significant renal
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Table 7.2. Pharmacologic considerations for commonly used perioperative drugs in patients with CRF

Drug Class Pharmacokinetics Considerations

Inhalational Anesthetics Eliminated primarily by the lungs Sevoflurane has potentially nephrotoxic metabolite (compound A)
Lipid Soluble
Benzodiazepines

Barbiturates

Propofol

Etomidate
Ketamine

Opioids

Increased free fraction in CRF

Free fraction of induction dose is almost doubled in
patients with CRF

Rapid, extensive hepatic metabolism. Pharmacokinetics
unchanged in CRF

Increased free fraction in CRF
Redistribution and hepatic metabolism largely
responsible for termination of anesthetic effects.
Minimal change in free fraction in CRF.

Primarily metabolized in liver

Potentiated clinical effect in CRF
Certain metabolites are pharmacologically active and accumulate

with repeated dosing
Exaggerated clinical effect in CRF. Need to reduce induction dose

Effects are not prolonged in CRF

CRF does not alter clinical effects
CFR does not alter clinical effects

May have increased and prolonged effect in CRF
Active metabolites may prolong action with chronic

administration: Morphine– 6-glucuronide (morphine) has
potent analgesic and sedative effects. Normeperidine
(meperidine) has neurotoxic effects. Hydromorphone
–3-glucuronide (hydromorphone) can cause cognitive
dysfunction and myoclonus. Fentanyl has no active metabolites

Ionized Drugs
Muscle Relaxants

Cholinesterase inhibitors

Digoxin

Standard dose of succinylcholine raises serum K+ 0.5–0.8
mEq/L which is unchanged in CRF

Many nonpolarizing NMBs result in prolonged effects due
to reliance on renal excretion

Decreased elimination in CRF and half life is prolonged

Excreted in urine

Succinylcholine is not contraindicated in CRF if the serum K+ is not
elevated.

Cisatracurium, mivacurium, rocuronium are preferable in CRF.

Half life prolongation is similar or greater than the duration of
blockade from long acting NMBs so recurarization is rarely seen

Increased risk of toxicity in CRF

Vasoactive Drugs
Catecholamines

Sodium nitroprusside Metabolized by the kidney and excreted as thiocyanate

Catecholamines with a-adrenergic effects constrict renal
vasculature and may reduce renal blood flow

Toxicity from thiocyanate accumulation is more likely in CRF
Antibiotics Penicillins, cephalosporins, aminoglycosides, vancomycin

are predominantly dependent on renal elimination
Loading dose is unchanged but maintenance doses are

substantially reduced

NMB, neuromuscular blocker.

Table 7.3. Preoperative considerations for patients with CRF

History Goal is to detect comorbid conditions that might adversely impact morbidity and mortality
Etiology of renal disease should be elucidated and renal function should be estimated
Based of ACC/AHA guidelines, patients with a Cr > 2 mg/dl have at least an intermediate pretest probability of perioperative
cardiovascular risk. This warrants detailed CV surveillance before intermediate or high-risk surgery

Elective surgery postponed pending resolution of acute processes
Physical Exam Thorough physical focused on identifying stigmata of CRF, e.g. HTN, elevated JVP, crackles (volume overload), malnutrition,

ecchymoses (platelet dysfunction), pallor (anemia)
Labs ECG and screening lab tests including CBC, electrolytes and coagulation panel
Preoperative Optimization
Preoperative Hemodialysis

Transfusion

Correction of coagulopathy

Control of hypertension

Treatment of hyperkalemia
Prevention of contrast induced

nephropathy

Elective surgery should be conducted in the setting of optimized acid/base balance, euvolemia and k+ management with
preoperative dialysis within 24 hours of the procedure.

HD should be avoided on the day of surgery due to potential problems with rebound anticoagulation, fluid shifts,
hypokalemia, hypoxemia and disequilibrium

Transfusion is appropriate for patients with Hb 8–10 g/dL when extensive surgery is planned and there is a potential for
excessive blood loss. Blood transfusion may not be indicated for patients with stable chronic anemia and Hb >= 8 g/dL
undergoing minor procedures.

Maintain higher Hb (with erythropoietin or transfusion), intensify dialysis regimen, administer DDAVP, cryoprecipitate and
conjugated estrogens

Blood pressure control may be challenging in patients with CRF. Proceeding with elective surgery with moderate chronic
hypertension is acceptable but severe or labile BP should be controlled preoperatively

Increased risk for patients who present for emergency surgery. Treat with CaCl2, NaCO3,insulin/dextrose, kayexalate, dialysis
For patients not on HD it may be prudent to postpone major elective surgery for a few days after contrast media exposure.

Treatment with NAC and sodium HCO3 infusion before contrast administration may prevent contrast induced
nephropathy

ACC, American College of Cardiology; AHA, American Heart Association; CBC, complete blood count; CV, cardiovascular; Hb, hemoglobin; JVP, jugular venous
pressure.
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Table 7.4. Intraoperative considerations for patients with CRF

Premedication Minimize premedication because of susceptibility to excess sedation and respiratory depression
Histamine H2 blockers, metoclopramide, citric acid/sodium citrate to reduce gastric acidity and promote emptying

Monitors ECG, BP cuff, pulse oximeter, capnograph, and thermometer. Invasive monitoring as indicated by comorbid conditions and surgical
procedure.

No BP cuff on arm with AV fistula or shunt
Strict asepsis for all invasive procedures
Urinary catheters should not be placed in anuric patients because they may provide a portal for infection

Positioning Extra care in positioning because these patients are prone to fractures from renal osteodystrophy
Patients with sensory neuropathy may not be able to report positional discomfort

Induction Dose of induction drugs may need to be reduced and rate of administration slowed to avoid hypotension
Anticipate hypotension; manage with appropriate preloading of fluid or vasopressors
Gastric emptying is delayed in uremic patients; manage as increased risk of aspiration
Serum K+ should be checked before administration of succinylcholine

Maintenance Ideal technique controls BP with minimal effect on cardiac output
Sedative and anesthetic doses should be reduced
Avoid renally excreted NMBs

Fluids Intraoperative fluid and blood administration should not be so restrictive as to permit inadequate organ perfusion, even if
postoperative dialysis is required

Intraoperative dialysis occasionally is required

Ventilation Consider controlled ventilation because spontaneous ventilation may result in hypercarbia and exacerbate preexisting acidemia and
increase K+ concentration

Emergence Anticipate delayed emergence, aspiration, hypertension, respiratory depression, and pulmonary edema
Ensure adequate reversal of neuromuscular reflexes

Regional anesthesia Regional anesthesia may be used in patients with CRF (e.g., brachial plexus block for AV shunt insertion/revision)
Preexisting neuropathies should be determined and documented
Coagulopathy, which may be present despite normal clotting studies, should be evaluated prior to regional anesthesia
Spinal/epidural anesthesia has been used for renal transplantation. It should be used with caution because patients with autonomic
neuropathy have increased risk of hypotension with sympathetic block.

AV, atrioventricular; BP, blood pressure; NMB, neuromuscular blocker.

excretion should be reduced. Pharmacologic considerations for
commonly used perioperative drugs in patients with CRF are
summarized in Table 7.2.

Perioperative management
Preoperative, intraoperative, and postoperative considerations
for patients with CRF are outlined in Tables 7.3, 7.4, and 7.5.

Dialysis and transplantation
Hemodialysis uses an artificial semipermeable membrane that
separates the patient’s blood from the dialysate and allows ex-
change of solutes by diffusion. Vascular access and anticoag-
ulation often are required. Blood samples taken immediately
after hemodialysis may be inaccurate, because the redistribu-
tion of fluid and electrolytes takes about 6 hours. Complications
of hemodialysis include arteriovenous fistula infection and
thrombosis, hypotension, pericarditis, and hypoxemia. Dialy-
sis “disequilibrium syndrome”may occur if fluid and electrolyte
shifts are too rapid. Symptoms are weakness, nausea/vomiting,
and, more rarely, convulsions and coma.

Peritoneal dialysis uses the patient’s peritoneum as the
exchange membrane, with the dialysate infused into the peri-
toneal cavity via an indwelling catheter. Advantages, compared
with hemodialysis, include less hypotension or disequilib-
rium and no need for anticoagulation. However, peritoneal
dialysis is less efficient than hemodialysis. Continuous renal

replacement therapies involve either dialysis (diffusion-based
solute removal) or filtration (convection-based solute andwater
removal) operating in a continuous mode. The major advan-
tage is a slower rate of solute/fluid removal that improves
hemodynamic stability compared with hemodialysis. Renal
transplantation is the treatment of choice for ESRD. A success-
ful renal transplantation improves the quality of life and sur-
vival of patients.

Table 7.5. Postoperative considerations for patients with CRF

Monitoring Monitor for frequent causes of postoperative morbidity
(cardiovascular complications, pulmonary edema,
hyperkalemia, etc.)

Fluid
management

Should consist of isotonic fluids and dextrose until
patient can take by mouth

Hypertension is a common postoperative problem
exacerbated by fluid overload. For those not on
dialysis, diuretics and short-acting antihypertensives
are effective.

Postoperative dialysis may be needed

Laboratory
studies

Check hematocrit, electrolytes, BUN, creatinine, ECG
(signs of hyperkalemia, ischemia), and chest
radiographs (pulmonary edema)

Serum creatinine kinase levels are mildly elevated in
the absence of myocardial injury in a substantial
number of patients with ESRD, but the myocardial
(MB) fraction is usually normal. Troponin I is a
specific marker of myocardial injury in ESRD,
whereas troponin T should not be used.
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8 Liver disease
Jason C. Brookman and Warren S. Sandberg

Anatomy and physiology
The liver is the largest solid organ in the body, weighing about
1500 g. It has two lobes, the larger right and the smaller left.
The right lobe has two additional lobes, the caudate and the
quadrate lobes. Blood supply to the liver is about 1500 ml/min
(25% of cardiac output), about 75% from the portal vein and
the rest from the hepatic artery.However, each blood vessel sup-
plies about 50% of the liver’s oxygen requirements. Normal por-
tal vein pressure is about 10 mmHg, and normal hepatic artery
pressure is arterial. The liver is supplied by sympathetic nerve
fibers (T6–11), which when stimulated result in vasoconstric-
tion of the hepatic artery, thereby decreasing the hepatic blood
flow.

Hepatic blood flow is decreased by any cause that lowers sys-
temic blood pressure and cardiac output. These causes include
general and regional anesthesia (spinal/epidural), volatile
inhalation agents, positive pressure ventilation (and positive
end-expiratory pressure [PEEP]), hypoxemia, �-blockers, and
�1-agonists. The liver performs several important functions in
the body, includingmetabolic functions (carbohydrate, fat, pro-
tein, and drug metabolism), bile secretion, bilirubin excretion,
albumin production, ammonia excretion, and synthesis of all
the clotting factors, except factor VIII.

Liver cirrhosis
Care of the patient with liver disease undergoing anesthesia
and surgery requires awareness that liver disease is, in reality,
a multiorgan disorder that causes a variety of pathophysiologic
derangements. Causes of chronic liver disease aremultifactorial
(Table 8.1) but, regardless of the cause, often may progress to
cirrhosis. Cirrhosis is characterized by hepatic cell death, fibro-
sis, and the formation of regenerative nodules.

Cirrhosis is essentially irreversible and leads to important
physiologic disturbances. Portal hypertension is common
in patients with significant chronic liver disease and results
from increased portal blood flow and/or intrahepatic resis-
tance. It is associated with ascites, portosystemic shunts,
hepatic encephalopathy, and splenomegaly. Portosystemic
shunts most commonly include esophageal varices or hemor-
rhoids.

Table 8.1. Major causes of chronic liver disease

Intraparenchymal disease
Viral infections
Chronic active hepatitis B
Chronic active hepatitis C
Hepatitis D

Toxins
Ethanol

Miscellaneous
Cystic fibrosis
Hemochromatosis
Wilson’s disease
α1-antitrypsin deficiency
Metabolic errors of carbohydrate, lipid, and proteins

Cholestatic disease
Primary biliary cirrhosis
Primary sclerosing cholangitis

Risk stratification of the cirrhotic patient
A basic assessment of the extent of liver failure is necessary
to more fully understand its impact on anesthetic and periop-
erative management, and on patient outcomes from surgery.
Two liver failure classification systems exist for assessing prog-
nosis. The Child-Turcotte-Pugh (CTP) classification is based
on five variables and stratifies patients by score to determine
their disease prognosis (Table 8.2). The greater the CTP score,
the worse the prognosis. The Model for End-Stage Liver Dis-
ease (MELD) and its pediatric equivalent (PELD) are used
for allocating donor livers for transplantation. The MELD is
a statistical model based on serum bilirubin, serum creati-
nine, and the international normalized ratio (INR) to deter-
mine the severity of liver disease and the need for transplan-
tation.

Effects of liver disease
Gastrointestinal
Portal hypertension occurs when pressure in the portal vein
is greater than 10 mm Hg. The high portal pressure leads
to the development of portovenous collaterals (Fig. 8.1a, b),
which commonly are found at the following four sites: gastroe-
sophageal, periumbilical, retroperitoneal, and hemorrhoidal.
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Table 8.2. Child-Turcotte-Pugh classification of liver failure

Points (per variable)

1 2 3

Serum bilirubin (mg/dl) <2 2–3 >3
Serum albumin (g/dl) >3.5 2.8–3.5 <2.8
Prolongation of PT
(sec/control)a

<4 4–6 6

Ascites None Mild Moderate
Encephalopathy None Minimal Advanced

Interpretation

Class Points Mortality risk, 3 mo–1 y (%)
A 5–6 4–10
B 7–9 14–31
C 10–15 51–76

a Nutrition (excellent, good, poor) was replaced with prothrombin time by
Pugh’s modification of the Child-Turcotte classification.

Modified from Rowe P, Mandell MS. Perioperative hepatic dysfunction. In:
Anesthesia Secrets. Philadelphia: Hanley and Belfus; 2002:289–290, and Garg
RK. Anesthetic considerations in patients with hepatic failure. Int Anesthesia
Clin 2005; 45–63.

Ascites is a hallmark of decompensated liver cirrhosis and is
caused by alterations in portal blood flow dynamics, activation
of the renin–angiotensin–aldosterone system, and reduction in
plasma oncotic pressure. The primary treatment for ascites is
sodium and water restriction, administration of diuretics, and
abdominal paracentesis, which may lead to intravascular fluid
depletion.

Esophageal variceal bleeding is a potentially lethal compli-
cation of cirrhosis. Treatment includes �-blockers, vasopressin,
somatostatin, variceal banding, sclerotherapy, and transjugu-
lar portosystemic shunting. However, portosystemic shunting
may cause or worsen existing hepatic encephalopathy. Signif-
icant portosystemic shunting also decreases steroid hormone
clearance because of impaired extraction via enterohepatic
circulation of the unbound steroid molecules. These steroids,
specifically androgens, undergo peripheral aromatization to
estrogen. Elevated circulating estrogen is responsible for the
gonadal and pituitary suppression and feminization commonly
seen in advanced liver disease.

Patients with liver disease usually have severe metabolic
derangements, including hypoglycemia, hypokalemia, hypona-
tremia, hypomagnesemia, and hypoalbuminemia.

Hemodynamic
Patients with chronic liver dysfunction and cirrhosis com-
monly have a hyperdynamic circulation (Table 8.3) with a
low peripheral vascular resistance and an increased cardiac
index. Hyperdynamic circulation and elevated cardiac output
are attributed to increased sympathetic nervous system activ-
ity, increased blood volume and preload, and reduced systemic
vascular resistance. Often cirrhotic patients develop signs of
high-output heart failure (also known as “cirrhotic cardiomy-
opathy”) including impaired cardiac contractility, conduction
abnormalities, impaired excitation–contraction coupling, and
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Figure 8.1. (A) The liver in relation to the gallbladder and stomach. (B) The
liver in relation to its circulation.

Table 8.3. Hemodynamic derangements in liver cirrhosis

Decreased systemic vascular resistance
Peripheral vasodilation
Arteriovenous shunting

Redirection of blood flow
Increased pulmonary, splanchnic, muscle, and skin blood flow
Decreased portal vein flow to liver
Normal or increased hepatic arterial flow
Normal to decreased renal blood flow

Increased blood volume
Decreased serum albumin
Decreased plasma oncotic pressure

Increased cardiac output
Apparent cardiomyopathy despite increased output

Decreased arteriovenous O2 content difference
Increased venous O2 content

Decreased responsiveness to catecholamines
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decreased �-adrenergic receptor function. Additionally, some
patients with a hyperdynamic circulation develop significant
left ventricular failure after liver transplantation, possibly as
a result of increased peripheral vascular resistance after relief
of vasodilation by transplantation. Typical treatment includes
inotropes, mechanical ventilation, and supportive care in an
intensive care unit.

Hematologic
Hematologic effects include anemia (bonemarrow suppression,
red cell destruction, blood loss, iron deficiency), thrombocy-
topenia (splenic sequestration), and coagulopathy. All clotting
factors except factor VIII are produced in the liver. Progres-
sive decreasing liver function leads to deficiency of these fac-
tors, making patients prone to bleeding. Fresh frozen plasma is
used to replace the clotting factors before surgery. A prothrom-
bin time with an INR of �1.4 should be achieved for surgery in
these patients. A platelet count of at least 100,000/mm3 is desir-
able.

Renal
Renal dysfunction is common in patients with liver disease and
has at least three major causes: prerenal azotemia, acute tubu-
lar necrosis, and hepatorenal syndrome. Prerenal azotemiamay
result from overuse of diuretics leading to elevated blood urea
nitrogen and creatinine, indicative of worsening renal function,
and usually responds to reducing the diuretic dose and gentle
hydration. Acute tubular necrosis often occurs in the setting of
another acute, precipitating factor, such as hypotension, infec-
tion, or severe sepsis. Although renal failure commonly devel-
ops in the setting of infection in patients with liver disease, renal
function tends to recover with the removal of the inciting insult.
Hepatorenal syndrome (Table 8.4) is marked by a worsening of
renal function as liver disease progresses and does not recover
without an improvement in liver function.

Table 8.4. Diagnostic criteria for hepatorenal syndromea

Major criteria
Low glomerular filtration rate, as indicated by serum creatinine

>1.5 mg/dl
Exclusion of shock, ongoing bacterial infection, volume depletion, and
use of nephrotoxic drugs

No improvement in renal function after stopping diuretics and volume
repletion with 1.5 L of normal saline

No proteinuria or evidence of obstructive uropathy or parenchymal renal
disease

Minor criteria
Urine volume <500 ml/d
Urine sodium <10 mEq/L
Urine osmolality > plasma osmolality
Urine RBC <50/high-power field
Serum sodium <130 mEq/L

a Onlymajor criteria are needed to establish thediagnosis;minor criteria pro-
vide supporting evidence.

RBC, red blood cells.

Pulmonary
Portopulmonary hypertension
Portopulmonary hypertension affects eligibility for liver trans-
plantation and may complicate hepatic resection if it leads to
central venous pressure elevation. Portopulmonary hyperten-
sion occurs in 2% to 4% of patients with end-stage liver disease
and 5% to 10% of patients evaluated for orthotopic liver trans-
plantation. Clinical predictors of pulmonary hypertension in
liver transplantation include systemic hypertension, right ven-
tricular dilatation by echocardiography, estimated pulmonary
artery systolic pressure ≥40 mm Hg by transthoracic echocar-
diography, right ventricular hypertrophy by echocardiography,
and/or a right ventricular heave.

Portopulmonary hypertension is characterized by a mean
pulmonary artery pressure �25 mm Hg with a normal pul-
monary capillary wedge pressure (i.e., �15 mmHg) and an ele-
vated pulmonary vascular resistance (i.e., �120 dyne·sec/cm5)
in the setting of portal hypertension. Factors implicated in the
etiology of portopulmonary hypertension include (1) increased
pulmonary arterial blood flow secondary to an increase in car-
diac index, (2) increased circulating blood volume, and (3)
vasoconstriction and progressive pulmonary vascular remodel-
ing due to endothelial and smoothmuscle cell proliferation.The
most common symptom of portopulmonary hypertension is
dyspnea on exertion – fatigue, palpitations, chest pain, and syn-
cope are reported less frequently. Diagnosis of portopulmonary
hypertension is by noninvasive transthoracic Doppler echocar-
diography. Figure 8.2 outlines the diagnostic approach to pul-
monary hypertension.

Effective management of portopulmonary hypertension is
important because it may facilitate hepatic resection. Pul-
monary vasodilator treatment alsomay allow amarginal patient
to receive a liver transplant with reduced mortality. Vasodila-
tors, such as epoprostenol, sildenafil, and nitric oxide, can
reduce pulmonary vascular resistance.

Hepatopulmonary syndrome
Hepatopulmonary syndrome is defined by the presence of hep-
atic dysfunction or portal hypertension, an elevated alveolar–
arterial oxygen gradient, and intrapulmonary vasodilation.
Patients may present with digital clubbing, spider angiomata,
arterial hypoxemia, and dyspnea that worsens upon moving
from a recumbent to an upright position (orthodeoxia and
platypnea). Hepatopulmonary syndrome may contribute to
hypoxemia, even when other cardiopulmonary abnormalities
are present (Table 8.3).

The diagnosis of hepatopulmonary syndrome in patients
with liver disease is confirmed by arterial desaturation, mea-
sured by pulse oximetry and arterial blood gas analysis, and pul-
monary vasodilation, assessed by contrast echocardiography,
lung perfusion scanning, or pulmonary artery catheterization.
Other causes of hypoxia also must be excluded. A flow chart
outlining the assessment for hepatopulmonary syndrome is
shown in Figure 8.3.
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Screening transthoracic echocardiogram

Right ventricular exam

Diagnostic Approach to Pulmonary Hypertension

Query cardiac and
vascular structure

Query rest left
ventricular function

Dobutamine stress
echocardiography

High PA pressure
with low PAOP?

Mean PA pressure
35–50 mm Hg?

Mean PA pressure
25–35 mm Hg?

Mean PA pressure
< 25 mm Hg?

Suspicious for pulmonary
hypertension?*

Right heart
catheterization

Complete OLT
evaluation

Yes No

•Minimally elevated risk

•Normal follow-up

•No therapy for PA hypertension

•Mortality = 100%

•Probably too high risk for liver
   transplantation**

•Elevated risk

•Follow right heart pressures

•? therapy for PA hypertension

•

•

•

Mean PA pressure
> 50 mm Hg?

•Elevated risk (mortality = 50%)

•Initiate therapy for PA hypertension**
  and re-evaluate

Yes No

Yes No

Yes No

Yes No

Right ventricular systolic pressure estimate > 40mm Hg.
Right ventricular hypertrophy or right ventriclular dilation

Provocative testing during right heart catheterization, 
e.g., inhaled nitric oxide by face mask or intravenous
epoprostenol, may predict treatment efficacy.

*

**

Figure 8.2. Suggested diagnostic paradigm to exclude or monitor pulmonary hypertension. Although there are many variations, it is important to complete the
process with a detailed knowledge of the patient’s pulmonary hemodynamics. Normal follow-up: repeat transthoracic echocardiogram or right heart catheteriza-
tion 1 year after previous test. Elevated risk implies high risk of perioperative mortality. OLT, orthotopic liver transplantation; PA, pulmonary artery.
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Screening pulse oximetry

Diagnostic Approach to Hepatopulmonary Syndrome

Arterial
blood gas

PFTs
ABG on 100% O2

Bubble contrast
echocardiography   

Complete OLT evaluation

Consider other 
 causes of hypoxia, 
e.g., pleural effusion,

atelectasis
Consider intracardiac

right to left shunt
Probable HPS;

consider MAA scan
to confirm 

SpO2 < 90% in standing position while breathing room air
Performed in standing position
Repeat screening pulse oximetry at least annually
Early = within 1–2 cardiac cycles; late = 3–6 cardiac cycles

*
**

***

Hypoxia breathing
room air?*

pO2 < 70 mm Hg
breathing room air?**

Normal PFT?
Hypoxia corrects with O2?

CXR normal?

Yes

Yes

No

Yes No

Passage of contrast
from right to left heart?

Timing for passage
of contrast? †

LateEarly

Yes

Yes

No

No

***†

Figure 8.3. Diagnostic algorithm for hepatopulmonary syndrome. Some
centers extend this algorithm by routinely performing 99Tc macroaggregated
albumin scanning, which is very sensitive to intrapulmonary shunts, when
other possible right-to-left shunts have been excluded. Screening pulse
oximetry should be carried out at every clinic visit and at least annually, as
development of hepatopulmonary syndrome shortens life expectancy and is
accorded additional MELD points when discovered. PFTs, pulmonary function
tests; ABG, arterial blood gas; HPS, hepatopulmonary syndrome; MAA, 99Tc
macroaggregated albumin.

There are no effective medical therapies for hepatopul-
monary syndrome, although selective inhibition of nitric oxide
production has shown theoretic promise. Among matched cir-
rhotic patients with and without hepatopulmonary syndrome,
liver transplantation was the only therapy shown to increase
survival compared with medical therapy alone.

Box 8.1. Major causes of hypoxia in patients with liver
disease

Ventilation–perfusion mismatching

Premature airway closure
Pulmonary vasodilation
Impaired hypoxic pulmonary vasoconstriction
Diffusion–perfusion deficit
Pulmonary emboli

Compression of lung tissue

Impaired diaphragmatic function due to ascites
Pleural effusion

Pulmonary edema
Pulmonary manifestations of specific liver disease (e.g.,

�1-antitrypsin deficiency)
Acute exacerbations of intercurrent chronic lung disease

Neurologic
Hepatic encephalopathy
The cause of hepatic encephalopathy is multifactorial. Ele-
vated ammonia levels are often found in patients with hep-
atic encephalopathy and may play a role in its development.
Activation of � -aminobutyric acid (GABA) receptors in the
brain also may contribute to hepatic encephalopathy, and
ammonia has been shown to enhance GABAergic currents,
which may explain its role in hepatic encephalopathy. Hep-
atic encephalopathy resembles many other nonfocal neurologic
conditions (Table 8.5), from which it must be differentiated.
Many of these occur as comorbid conditions in patients with
liver failure. The severity of encephalopathy contributes to the
CTP system for stratifying severity of hepatic disease.

Autonomic neuropathy
Autonomic neuropathies are found in up to 50% of patients
with chronic liver disease and manifest most commonly as
impaired cardiovascular function and gastric motility. In addi-
tion, patients with autonomic neuropathies experience a higher
incidence of hypotension during general anesthesia. More
importantly, autonomic neuropathy predicts increased mortal-
ity in cirrhotic patients. The development of autonomic neu-
ropathies does not depend on the etiology of the liver disease,

Table 8.5. Conditions resembling hepatic encephalopathy

Metabolic problems
Hypoglycemia
Hyponatremia
Hypernatremia

Intracranial processes
Subdural hematoma
Intracranial hemorrhage
Intracranial mass lesion

Infectious diseases
Meningitis
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Table 8.6. Major causes of fulminant hepatic failure

Toxins
Acetaminophen
Ethanol
Amanita phalloides
Halothane
Phosphorus

Viral infections
Hepatitis A
Hepatitis B
Hepatitis C
Hepatitis D

Miscellaneous
Budd-Chiari syndrome
Acute fatty liver of pregnancy
Wilson’s disease

and they generally resolve with the return of normal liver func-
tion after transplantation.

Fulminant hepatic failure
Fulminant hepatic failure is severe hepatic dysfunction that
occurs most commonly from drug toxicity, most frequently
from acetaminophen (Table 8.6), followed by viral hepatitis,
and less often by some unidentifiable agent. Acute hepatic
encephalopathy is a prominent clinical feature of fulminant
hepatic failure and is associated with progressive brain swelling
and an increase in intracranial pressure that may result in brain

herniation and death. In patients who are awake and respon-
sive, regular neurologic examinations may be used to exclude
dangerous brain swelling.

Treatment of fulminant hepatic failure is supportive, and
many patients recover. For thosewhodonot recover, liver trans-
plantation is the treatment of choice. Regardless of the final
path to resolution, supportive care aims to reduce the impact of
severe encephalopathy and brain swelling. Bacterial infections
develop in up to 80% of patients with fulminant hepatic failure
and most commonly involve the respiratory and urinary sys-
tems. Acute infection may prevent transplantation.

Pharmacologic management in cirrhosis
Cirrhosis and liver failure may affect the distribution, duration
of action, elimination, and effect of a variety of drugs by per-
turbing their normal pharmacokinetics and pharmacodynam-
ics. Cirrhotic patients have a decreased ability tometabolize and
clear drugs. Decreases in serum albumin and altered total body
water also change the volume of distribution of many drugs.
Table 8.7 summarizes these changes. Anesthesiologists need to
be cognizant of these changes when administering balanced
anesthesia to cirrhotic patients.

Perioperative access andmonitoring
Many of the preoperative preparations needed for major
surgery in cirrhotic patients are those used for noncirrhotic

Table 8.7. Effect of cirrhosis and liver failure on the administration of drugs used in anesthesia

Drug class Drug Effect of liver failure on drugmetabolism
Dosing recommendations in cirrhotic
patients

Opioids Morphine
Meperidine

Prolonged half-life Decrease frequency

Fentanyl Apparently unchanged No change for single-dose administration
Caution advised for prolonged infusions

Remifentanil Unaffected (metabolism by plasma esterases) No change

Hypnotics Methohexital
Ketamine
Etomidate

Unchanged clearance ratio
Prolonged half-life due to increased Vd

No change for single-dose administration

Propofol Unchanged clearance (even with extended infusions) No change
Benzodiazepines Decreased clearance ratio Reduce preanesthetic dose

Contraindicated in hepatic encephalopathy

Neuromuscular
blockers

Succinylcholine
Mivacurium

Significantly prolonged duration of action (because of
decreased synthesis of plasma cholinesterases)

Decrease dose in short surgical procedures

Vecuronium Decreased clearance
Extended duration of action (except in alcoholic cirrhosis)

Decrease dose

Rocuronium
Pancuronium

Increased Vd
Decreased elimination half-life
Extended duration of action

Decrease dose
Decrease dose

Atracurium
Cisatracurium

Organ independent Hoffmann elimination No change

Halogenated volatile
anesthetics

Halothane Causes decreased portal blood flow, and decreased hepatic
artery blood flow = decreased hepatic perfusion, which
may worsen liver damage

Avoid using entirely

Isoflurane
Sevoflurane
Desflurane

Decreased portal blood flow; decreased total hepatic blood
flow. Compensatory increase in hepatic artery blood flow

No change

Vd, apparent volume of distribution.

54



Chapter 8 – Liver Disease

patients. Besides the standard ASA (American Society of Anes-
thesiologists) monitors, and depending on the planned sur-
gical procedure, additional preparation might include use of
warming devices, placement of multiple large-bore peripheral
intravenous lines, an arterial line for blood pressure monitor-
ing and obtaining serial blood samples during surgery, central
or peripheral venous pressure monitoring, pulmonary artery
catheter placement for hemodynamic monitoring (especially in
patients with portopulmonary hypertension), and/or intraop-
erative transesophageal echocardiography.

Postoperative care
Ventilatory management is often the main issue one is
concerned about in postoperative cirrhotic patients. Intra-
operatively in large abdominal operations, pressure control
ventilation (PCV) may be needed to prevent dangerously high
peak alveolar pressures and PEEP. PCV with permissive hyper-
capnia of 60 to 70 mm Hg may be used to prevent alveolar
barotrauma or volutrauma. In practice, permissive hypercap-
nia rarely is needed – modern anesthesia machine ventilators
are adequate for the ventilatory needs of cirrhotic patients.
Nitric oxide may be used to vasodilate the pulmonary vessels
in patients with portopulmonary hypertension.

In procedures with a high transfusion requirement,
transfusion-related acute lung injury (TRALI) is always a risk.
This type of pulmonary edema may manifest between 1 and
3 days postoperatively or, in severe cases, intraoperatively.
After lower-risk smaller procedures, these patients generally
initially have a higher Fio2 (fraction of inspired oxygen)
requirement stemming from elevated abdominal pressures
(i.e., from ascites). Reduced urine output from transient renal
insufficiency may occur and is fairly common, occurring in as
many as one-third of cirrhotic patients.

Pain management requires special attention in cirrhotic
patients with encephalopathy, as opioids may cause undesir-
able and pronounced sedation. Neuraxial epidural anesthesia
may be used as an alternative anesthetic and analgesic method;
however, coagulopathy may prevent initial placement, delay
catheter removal, and place the patient at increased risk for
epidural hematoma and from exposure to foreign blood prod-
ucts if correction of a coagulopathy is necessary to remove a

catheter. As such, patient-controlled intravenous analgesia usu-
ally is a safer method of postoperative pain control but requires
careful attention.
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Chapter

9 Diabetes mellitus and perioperative glucose control
Ruma R. Bose and Balachundhar Subramaniam

According to the Centers for Disease Control and Prevention,
diabetes mellitus (DM) is present in 24 million people
(7% of the US population; www.cdc.gov/medicalpressure/
2008/r080624.htm, 2008). The prevalence of hyperglycemia
in hospitalized patients is 26%, of whom 12% have previ-
ously unrecognized diabetes or hospital-related DM. A high
blood glucose level predisposes patients to organ morbid-
ity and increased mortality. Hyperglycemia in the intraoper-
ative and perioperative settings has been seen not only in
diabetics but also in nondiabetics. This condition is associ-
ated with poor outcome, increased hospital mortality, infec-
tion, sepsis, poor wound healing, and ischemic events. In the
intensive care unit (ICU), hyperglycemia has been correlated
with prolonged mechanical ventilation, sepsis, renal insuffi-
ciency, and neurologic deficits. Therefore, knowledge of the
optimal intraoperative blood glucose level, which is still a
topic of contention, is of utmost importance to the anesthe-
siologist.

The American Diabetes Association (ADA) Expert Com-
mittee on the Diagnosis and Classification of Diabetes Mellitus
describes in-hospital hyperglycemia as follows:

� Medical history of diabetes – DM previously diagnosed
and acknowledged by the patient’s treating physician

� Unrecognized diabetes – hyperglycemia (fasting blood
glucose ≥126 mg/dl or random blood glucose ≥200 mg/dl)
occurring during hospitalization and confirmed as diabetes
after hospitalization by standard diagnostic criteria, but
unrecognized as diabetes by the treating physician during
hospitalization

� Hospital-related hyperglycemia – hyperglycemia (fasting
blood glucose ≥126 mg/dl or random blood glucose
≥200 mg/dl) occurring during hospitalization and
reverting to normal after hospital discharge.

Types of diabetes mellitus
Type 1 diabetes
Different types of diabetes mellitus are listed in Fig. 9.1. Type
1 involves 5% to 10% of patients with diabetes. The �-cells of
the pancreas are affected by an autoimmune process, leading to

decreased production of insulin. Patients with type 1 DM are
prone to develop ketoacidosis.

Type 2 diabetes
Type 2 is present in 90% to 95% of diabetic patients. Insulin
resistance is stated as the primary cause of diabetes. Hence,
there is hyperglycemia despite high or normal circulating lev-
els of insulin. This level eventually falls as a result of feed-
back inhibition of insulin production by the pancreas. Patients
with type 2 DM are less likely to develop ketoacidosis but are
prone to develop a hyperglycemic, hyperosmolar, nonketotic
state.

Gestational diabetes
Gestational diabetes manifests during pregnancy and is more
common in patients with a family history of diabetes. Twenty
percent to 50% of patients diagnosed with gestational diabetes
go on to develop type 2 diabetes within the next 5 to 10 years.

Stress-related diabetes
During stressful events such as surgery and hospitalization,
hyperglycemia occurs as a result of multiple factors that lead to
an increase in concentration of blood glucose, a decrease in pro-
duction of insulin, and insulin resistance (Fig. 9.1). The stress
of surgery leads to the production of corticosteroids and stress
hormones such as glucagon, growth hormone, epinephrine, and
norepinephrine. These substances cause an increase in gluco-
neogenesis and glycogenolysis by the liver, ultimately leading
to an increase in glucose production. In addition, the catabolic
hormones cause insulin resistance, which decreases glucose
uptake by muscle and fat. Epinephrine and norepinephrine
inhibit insulin release by their action on �-adrenergic recep-
tors. The net result is an increase in blood glucose concentra-
tion, eventually leading to an increase in insulin secretion by
�-cells of the pancreas. Normally, because it is an anabolic hor-
mone, insulin decreases the production of glucose by inhibit-
ing gluconeogenesis and glycogenolysis and enhances its uptake
peripherally. However, in stressful situations the blood glu-
cose level remains elevated because of the reasons mentioned
earlier.

http://www.cdc.gov/medicalpressure/2008/r080624.htm
http://www.cdc.gov/medicalpressure/2008/r080624.htm
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Beta cells of pancreas produce decreased amount of insulin
because the body’s immune system has attacked and
destroyed them. 

This form of diabetes usually begins with insulin resistance,
where the fat, muscle, and liver cells do not use insulin properly.
At first, the pancreas keeps up with the added demand by producing
more insulin. In time, however, it loses the ability to secrete enough
insulin in response to meals. Being overweight and inactive increases
the chances of developing Type 2 diabetes.

Although this form of diabetes usually goes away after delivery,
a woman who has had it is more likely to develop Type 2 diabetes
later in life. Gestational diabetes is caused by the hormones of
pregnancy or a shortage of insulin.

Hyperglycemia seen during periods of stress such as surgery
or hospitalization.

Type 2 Diabetes / Adult-onset Diabetes /Noninsulin-dependent Diabetes

Gestational Diabetes

Diabetes

Stress-related Diabetes

Most common form at any age

Children, teenagers, or young adults 

During the late stages of pregnancy

Any age

Type 1 Diabetes / Juvenile Diabetes /Insulin-dependent Diabetes

Figure 9.1. Classification of DM.

Adverse effects of hyperglycemia
Complications related to diabetes can be classified into acute
and chronic. Acute complications are diabetic ketoacidosis,
nonketotic hyperosmolar state, and hypoglycemia. Long-term
effects are seen in virtually all the organ systems and include
retinopathy, cataract, coronary artery disease, peripheral vas-
cular disease, and renal insufficiency, to name a few.

In the perioperative setting, hyperglycemia is associated
with an increase in overall hospital mortality. There is an
increase in the incidence of pneumonia, wound infection, and
sepsis. In acute myocardial infarction (MI), hyperglycemia is
associated with increased mortality, congestive heart failure,
and cardiogenic shock. In cardiac surgery patients, there is an
increase in sternal wound infection, in-hospital mortality, post-
operative renal failure, delayed stroke, and length of hospital
stay. In ICU patients, hyperglycemia is associated with poor
neurologic outcome, prolonged mechanical ventilation, sepsis,
and renal failure.

Endothelial function
Hyperglycemia alters the integrity of the endothelium by
inhibiting nitric oxide,which leads to an increase in cellular per-
meability, inflammation, angiogenesis, and thrombogenesis.

Thrombosis
Animal and human studies have demonstrated an increase in
thrombosis associated with hyperglycemia, which is the result

of an increase in the production of thromboxane and vonWille-
brand factor, coupled with the inhibition of plasminogen acti-
vator. As a result, there is platelet activation and aggregation,
which in the setting of shear stress, as seen during hemody-
namic fluctuations in the perioperative period, increases the
incidence of thrombus formation.

Wound infection
Hyperglycemia has been associatedwith an increased incidence
of postoperative wound infection, which may be explained by
microvascular changes in the tissues that limit blood supply
to the tissue. Another contributing factor is the decrease in
phagocytosis and chemotaxis of the polymorphonuclear cells.
A marked reduction in phagocytic and cytotoxic activity of the
polymorphonuclear cells was observed in patients with poorly
controlled blood glucose levels. A decrease in the incidence
of sternal wound infections in diabetic patients after coronary
artery bypass grafting was seen in those with a blood glucose
level �200 mg/dl in the immediate postoperative period. The
effect of perioperative hyperglycemia and hyperinsulinemia on
monocytes was studied, and a decrease in HLA-DR expression
was seen, which correlated with infectious complications and
mortality.

Wound healing
Glycemic control in the perioperative period improves wound
healing by increasing granulation tissue formation, fibroblast
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proliferation, and collagen synthesis. Hyperglycemiamay cause
nonenzymatic glycosylation with the production of abnormal
proteins that decrease elastance and tensile strength, which
are an essential part of the wound healing process. Diminish-
ing insulin activity also decreases capillary proliferation, which
worsens the tissue healing process.

Hyperglycemia and outcomes
in critically ill patients
Glucose homeostasis is altered in critically ill patients, leading
to increased glucose production and insulin resistance. Hyper-
glycemia in ICUpatients has been associatedwith a higher inci-
dence of MI, congestive heart failure, and cardiogenic shock.
It also has been associated with a prolonged length of stay in
the ICU as well as a prolonged duration of mechanical ven-
tilation. A significant correlation has been found with stroke,
neurologic injury, polyneuropathy, and renal insufficiency in
these patients. In a landmark study, Van Den Berghe et al.
in 2001 showed a reduction in mortality from 8% to 4.6% in
ICU patients who maintained their blood glucose concentra-
tions between 80 and 110mg/dl.The largest reduction was seen
in multiple organ failure due to sepsis. There was a decrease
in in-hospital mortality, bloodstream infection rate, and acute
renal failure requiring dialysis. There also was a decrease in the
median number of blood transfusions, polyneuropathy, and the
need for prolonged mechanical ventilation.

Neurologic injury
Supranormal blood sugar levels at the time of cerebral insult, be
it traumatic head injury, subarachnoid hemorrhage, intracere-
bral hemorrhage, cerebrovascular accident, or stroke, are asso-
ciated with a worsened neurologic outcome. Evidence suggests
a profound benefit of blood glucose control in patients with
global central nervous system ischemia. Glucose acts as a sub-
strate for anaerobic metabolism, increasing lactate levels, wors-
ening intracellular acidosis, and disrupting normal intracellular
homeostasis. There is a correlation of poor functional recovery
in stroke patients with hyperglycemia. The tissue most vulner-
able to ischemia is the penumbra or the area surrounding the
area of primary insult, and the progression of stroke depends
on the viability of this region. Hyperglycemia has been associ-
ated with irreversible damage to this vulnerable region of the
brain.

Myocardial infarction
Type 2 diabetes has been referred to as a “cardiovascular disease
associated with hyperglycemia.” Patients with diabetes tend to
suffer painlessMI, whichmakes timely detection and treatment
difficult. The size of the infarct is larger and recovery is poor
compared with the general population. During an MI, there
is an increased production of stress hormones, which, in con-
junction with preexisting insulin resistance, leads to a decrease
in the utilization of glucose by the myocardium. The energy

Table 9.1. Signs and symptoms of autonomic imbalance

� Asymptomatic hypoglycemia
� Lack of sweating
� Lack of pulse rate variability with

respiration
� Orthostatic hypotension
� Resting tachycardia
� Gastroparesis

� Nocturnal diarrhea
� Bladder atony
� Erectile dysfunction
� Peripheral neuropathy
� Dysrhythmias
� Asymptomatic hypoglycemia

requirements are fulfilled by fatty acid metabolism, which uti-
lizes more oxygen, increasing the myocardial oxygen require-
ment andwidening the demand–supply gap, thereby worsening
ischemia.

Some of the other mechanisms that cause poor outcomes
with hyperglycemia areworsening of ischemic preconditioning,
a decrease in the formation of collateral blood supply, acceler-
ated myocyte death, and worsening of reperfusion injury. The
DIGAMI (Diabetes Mellitus Insulin-Glucose Infusion in Acute
Myocardial Infarction) trial showed the beneficial effects of
blood glucose control in patients with acute MI. A continuous
insulin infusion was used to control blood sugar during acute
MI, followed by intensive subcutaneous insulin therapy for
3 months. This regimen improved long-term survival and
caused an absolute reduction in mortality by 11%. A moder-
ate perioperative target range of 100 to 150 mg/dl in vascular
surgical patients has the potential to reduce perioperative MI
rates.

Autonomic imbalance
Patients with diabetes have a 10% to 50% incidence of auto-
nomic neuropathy. Some of the signs and symptoms are listed
in Table 9.1.

Patients with autonomic neuropathy lack the compen-
satory mechanisms to deal with hemodynamic fluctuations and
hypoxia and are therefore more prone to sudden cardiac death,
arrhythmias, and postoperativeMI. Additionally, they aremore
likely to aspirate due to gastroparesis.

Ketoacidosis
Diabetic ketoacidosis usually occurs in type 1 diabetics but may
also occur in type 2 diabetics. It is a life-threatening condition
resulting from lack of insulin and highly elevated blood glucose
levels (up to 500mg/dl).There is accumulation of ketone bodies
(acetoacetate and �-hydroxybutyrate). The resulting anion gap
metabolic acidosis leads to dyspnea, nausea and vomiting, thirst
(hypovolemia), abdominal pain, constant urination (diuretic
effect of glucose), agitation, and confusion. If the blood glucose
levels are not corrected coma may result.

Diabetic ketoacidosis is treated with aggressive hydration,
insulin drip (10 units/h or 0.1 units/kg/h to decrease blood
glucose levels at a rate of not more than 100 mg/dl/h), and
replacement of electrolytes (especially potassium; insulin car-
ries glucose and potassium into the cell). When the blood
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Figure 9.2. Complications of DM.

glucose reaches 250 mg/dl, an infusion of 5% dextrose in water
is started to prevent hypoglycemia. Patients are actively moni-
tored with repeated measurements of blood glucose, urine out-
put, and vital signs.

Intraoperative blood glucosemanagement
Preoperative evaluation
Preoperative evaluation of diabetic patients should include
assessment of glycemic control; early detection and treatment of
electrolyte disturbances, hypoglycemia, and ketoacidosis; and
determination of the extent of end-organ disease.TheAmerican
College of Cardiology/American Heart Association guidelines
state that a patient’s risk for cardiac complications is a function
of the patient’s medical history, current functional status, and
the specific surgical procedure. DM is considered an interme-
diate risk factor for postoperative cardiac morbidity. Complica-
tions of DM are shown in Fig. 9.2.

Cardiovascular disease is the most common cause of mor-
bidity in diabetic patients. A thorough history and physical
examination should be performed and a baseline electrocardio-
gram (ECG) obtained in every patient.The presence of arrhyth-
mias, Q waves, left ventricular hypertrophy, or ST changes have
been correlated with increased cardiac morbidity. Noninva-
sive and invasive cardiac testing may be warranted in high-risk
patients undergoing major or intermediate-risk surgical proce-
dures. Asymptomatic patients with diabetes have shown signif-
icant perfusion defects during thallium testing.

Signs and symptoms of autonomic neuropathy should be
elicited. The tilt test is an easy method for assessing orthostatic
hypotension (a positive test is a decrease in blood pressure of
approximately 30 mmHg in the upright position). A pulse rate
variability of ≤5 bpm during deep inspiration and expiration
(normal being 15 bpm) also is an indicator of autonomic imbal-
ance. Renal insufficiency is a common complication associated
with diabetes and requires further evaluation.

The type of diabetes and its management with regard to
insulin regimen or oral hypoglycemic agents should be deter-
mined. Patients should be asked about the occurrence and fre-
quency of hypoglycemic episodes. Type 2 diabetic patients who
are on oral hypoglycemics may need to be started on an insulin
regimen perioperatively to ensure adequate control of blood
sugar in the setting of stress, fasting, and change in nutritional
regimen while in the hospital. However, well-controlled type 2
diabetic patients undergoing same-day surgerymay not require
insulin.

Airway examination
Patients with a history of longstanding diabetes may demon-
strate the “prayer sign,” which is difficulty in approximating the
metacarpophalangeal joints of the two hands. These patients
also may have restricted neck extension, which may cause
problems during airway management. The restricted neck
extension is a result of atlanto-occipital joint fusion. Patients
showing the prayer sign have a greater incidence of microvas-
cular disease.

Laboratory tests
In addition to routine laboratory tests, blood glucose, ECG,
blood urea nitrogen, creatinine, and plasma electrolyte levels
should be evaluated. Twenty-four-hour creatinine clearance is
recommended in some patients with renal insufficiency. Urine
should be checked for ketones and albumin. The hemoglobin
A1c level (an indicator of glycosylated hemoglobin) may be
checked to determine the adequacy of blood sugar control dur-
ing the previous 4 to 6 weeks.

Medications
Whenever possible, the surgery should be scheduled in the
morning to minimize the catabolic state and hypoglycemia. If
the patient is on metformin, some have advocated stopping it
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• Schedule case as early as possible
• Omit breakfast
• Check labs:
 Blood glucose
 Serum electrolytes
 Urine ketones

Patient on split mixed insulin**
• Hold AM dose of regular insulin
• Give half the dose of
   intermediate- or long-
   acting insulin

Patient on Glargine**
• Hold AM dose
• If patient has missed preop
   dose in the evening,
   administer full daily dose
   in AM

Patient on insulin pump
• Continue the baseline
  insulin infusion via 
  the pump if one is
  familiar with infusion
  pumps

Figure 9.3. Preoperative management of blood
sugar in patients with DM.

at least 24 hours before surgery because of its rare propensity
to cause lactic acidosis, but this is no longer widely accepted.
Sulfonylureas and thiazolidinediones may be stopped the day
before surgery. Preoperative blood sugar should always be
checked; the goal is to maintain an optimum glucose level and
prevent hypoglycemia. One has to be cognizant of the fact that
intraoperatively and immediately postoperatively, all the signs
and symptoms of hypoglycemia may be masked; therefore, fre-
quent blood sugar measurements are advised.

Insulin pumps deliver a continuous infusion of short-acting
insulin, and the rate of infusion is controlled by the patient
based on periodic blood sugar measurements. The insulin
pump delivers baseline insulin, and it is important to main-
tain this infusion rate in insulin-dependent diabetics. How-
ever, some experts advocate substituting intravenous insulin
infusions for the subcutaneous pump because of concerns for
altered cutaneous blood flow during surgery. Rhodes and Fer-
rari in 2005 laid out practice guidelines for the preopera-
tive management of pediatric patients with diabetes, and these

Preoperative blood sugar

<180 mg/dl

Proceed with surgery

>180 mg/dl

Short-acting insulin
based on correction factor*

*Correction factor (CF) = 1500/ [Total daily dose (TDD) of insulin]
       Example: If TDD is 50 U, CF = 1500/50 = 30 U
       1 U of regular insulin will decrease the blood sugar
       by 30 mg/dl. Blood sugar is maintained between
       100 and 150 mg/dl. 

Figure 9.4. Insulin regimen to manage hyperglycemia.

Table 9.2. Insulin time chart

Start of Peak of Duration of
Type of insulin action action, h action, h

Humalog (rapid) 15 min 1.5–2 4
Regular (short) 30 min 2–3 5
NPH (intermediate) 1–2 h 4–8 14–20
Lente (intermediate) 2–3 h 8–12 16–24
Ultralente (long) 2–4 h 8–14 18–24
Lantus (long) 1–2 h 6 18–26

may be applied to adults as well. Preoperative management of
diabetic patients based on these guidelines is summarized in
Figs. 9.3 and 9.4, and Tables 9.2 and 9.3.

Intraoperativemanagement
It is universally accepted that intraoperative hyperglycemia is
deleterious to patient outcome, but there is continuing debate
regarding the ideal target blood glucose level. Earlier studies
suggested a more generous margin for blood glucose levels; for
example, Pomposelli et al. in 1998 showed a benefit in out-
come if the limit was 220mg/dl. Later studies lowered this limit
to anywhere between 100 and 120 mg/dl. Van Den Berghe’s
study in ICU patients showed a difference in outcome when
blood glucose was maintained at �110 mg/dl. The major con-
cern with dropping the safe level of blood glucose is the risk
of hypoglycemia, with its attendant life-threatening complica-
tions. The recent NICE-SUGAR (Normoglycemia in Intensive

Table 9.3. Insulin regimen for patients who require continuous IV
infusion.

� Continuous background infusion of 10% dextrose and 1
2 NS is required

� Insulin infusion is piggybacked (1U for 3g dextrose)
� Blood glucose is maintained at 100–500 mg/dl
� Subsequent dose adjustment of insulin is based on the current insulin

infusion rate and the rate of decline of blood glucose levels

Source: Adapted from figure 7; Rhodes RT, Ferrari LR. Perioperative manage-
ment of pediatric surgical patientswithdiabetesmellitus. AnesthAnalg 2005;
101:986–999.
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Care Evaluation – Survival Using Glucose Algorithm Regula-
tion) study seriously challenged the tight glucose target range. A
moderate target of 100 to 150mg/dl seems to havemore benefits
than risks.

In 2004, the American College of Endocrinology set up a
taskforce whose recommendation for the target blood glucose
level was 110 mg/dl in ICU patients and a maximum of 180
mg/ml in non-ICU patients. The goal at our institution is
to maintain the intraoperative blood glucose level between
100 and 150 mg/dl in all patients with diabetes. Blood glucose
should bemeasured immediately preoperatively and every hour
intraoperatively and during the immediate postoperative pe-
riod. There are many insulin regimens for managing intra-
operative hyperglycemia. A background glucose infusion is
recommended to prevent hypoglycemia, ketosis, and protein
breakdown, especially when using continuous insulin infusion.
Potassium levels should be measured periodically. Insulin and
epinephrine stimulate potassium uptake by the cells, whereas
hyperosmolality and acidosis translocate potassium out of the
cells.

If intraoperative blood glucose measurements warrant
insulin administration, the bolus dose is calculated as fol-
lows: For insulin-dependent diabetic patients, the daily insulin
requirement is divided by 24, and that is the initial dose
(approximately 0.1 units/kg body weight); in patients who
are insulin naı̈ve the dose is 0.02 units/kg intravenously (IV).
Repeat doses are calculated by the rapidity of change in blood
glucose level and incorporation of a correction factor. If the
surgery is emergent, preoperative assessment and optimization
of metabolic status and adequate volume replacement should
be the goal. Surgery should be delayed if possible to achieve
metabolic control. If surgery cannot be delayed, adequate fluid
replacement and timely correction of electrolyte imbalance,
especially potassium levels, will decrease the occurrence of
arrhythmias and hypotension.

Postoperative management
Postoperativemanagement includesmeasurement of blood glu-
cose levels and continuation of the IV or a subcutaneous insulin
regimen until the patient can resume caloric intake. Nausea
and vomiting should be treated aggressively. Adequate pain
control is important to minimize the release of catabolic hor-
mones that increase blood glucose levels. Renal dysfunction

should be kept in mind when prescribing analgesics. Patients
should be monitored closely for signs of hypoglycemia, respira-
tory depression, and hemodynamic instability. A postoperative
ECG should be obtained tomonitor for ischemic changes.With
regard to patients receiving an insulin infusion, consideration
for continuing it should be given in postoperative patients dis-
charged from the ICU, those on corticosteroids, and those who
have had an organ transplant or stroke.
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Chapter

10 Common blood disorders
Jonathan D. Bloom and Edward A. Bittner

Erythrocyte disorders
Anemia
Anemia is defined as a deficiency in the concentration of func-
tional red blood cells (RBCs) in the circulation. It should be
noted that a change in reported hemoglobin (Hb) or hemat-
ocrit (Hct) does not necessarily indicate a change in erythrocyte
mass, as dehydrationmay falsely elevate a normal valuewhereas
hemodilution may falsely lower it. Conversely, the Hb/Hct may
be reported as normal in the setting of acute bleeding, prior to
fluid resuscitation and re-equilibration.

Clinical considerations
Perioperative concerns about the anemic patient are based on
the physiologic expectation that anesthesia, surgery, and the
postoperative period commonly increase a patient’s oxygen
demand in the setting of an already limited oxygen reserve.
Despite this, evidence that blood product transfusions are asso-
ciated with adverse outcomes (e.g., transfusion-related acute
lung injury, transfusion reactions) have altered perioperative
transfusion practices, prompting the physician to weigh the
benefit of the acute increase in transfused product against
the risks of transfusion.

Knowledge of the clinical consequences and physiologic
responses to anemia is essential for providing appropriate peri-
operative care. Basic compensatory responses to anemia involve
central, regional, and microcirculatory alterations in blood
flow, as well as a shift of the oxyhemoglobin dissociation curve
to the right. Acute normovolemic anemia results in increased
cardiac output resulting from both increased venous return and
decreased afterload. This is further augmented by decreased
blood viscosity and increased inotropy from sympathetic stim-
ulation. Regional blood flow is altered by redistribution from
nonvital to vital organs (e.g., from skeletal muscle to the heart
and brain). Microcirculatory changes enable increased tissue
oxygen extraction via capillary recruitment. Finally, anemia
results in increased 2,3-diphosphoglycerate concentrations in
RBCs, which shift the oxyhemoglobin curve to the right, favor-
ing oxygen unloading. Oxygen delivery remains essentially
unchanged until hemoglobin concentration falls below 7 g/dl.

The increase in cardiac output in response to acute normo-
volemic anemia differs between awake and anesthetized patients.

Increased cardiac output in awake patients is the result of an
increase in stroke volume and heart rate, whereas increased car-
diac output in anesthetized patients primarily is the result of
an increase in stroke volume alone. Consequently, tachycardia
in the anesthetized patient in the setting of acute anemia most
likely is a sign of hypovolemia and should be treated with crys-
talloids or colloids.

Causes of anemia
The three major causes for anemia are (1) blood loss, (2)
decreased RBC production, and (3) increased RBC destruction.
The diagnosis for most causes of anemia can be determined
from a thorough history and physical examination. Symptoms
of anemia are variable and depend on a patient’s coexisting dis-
eases. For example, in a healthy patient, symptoms of anemia
may not develop until the Hb level decreases below 7 g/dl. Lab-
oratory tests that may be helpful in distinguishing the cause(s)
of the anemia include a peripheral smear (for erythrocyte size
and shape),mean cell volume, and reticulocyte count.The retic-
ulocyte count typically is elevated in anemia caused by RBC
destruction and is inappropriately low in anemia caused by
a failure of RBC production. Other tests that may be useful
include serum iron and ferritin levels; vitamin B12/folate levels;
serum bilirubin, lactate dehydrogenase, and haptoglobin levels;
and the direct antiglobulin test (direct Coombs).

Types of Anemia
Anemias can be classified into two categories, primary and sec-
ondary. The former results from a structural abnormality of
the hemoglobin molecule or of the erythrocyte membrane.The
second category is more common, having multiple etiologies,
which are described briefly later.

Megaloblastic anemias are caused by impaired DNA syn-
thesis and are most commonly a result of deficiency of folic
acid (the most common vitamin deficiency, commonly seen
in severely ill patients, alcoholics, and parturients because of
dietary deficiencies) and/or vitamin B12. In the general surgi-
cal population, megaloblastic anemia commonly is caused by
disease or partial resection of the gastrointestinal tract. Signs
and symptoms, in addition to anemia, may include glossitis,
tachycardia, flow murmurs, splenomegaly, and neurologic dis-
orders (mainly in B12 deficiency) such as ataxia, loss of deep
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tendon reflexes, loss of posterior column sensations, confabula-
tion, dyspnea, headache, fatigue, diarrhea, and other gastroin-
testinal symptoms.Management, as with all causes of anemia, is
focused on maintenance of adequate oxygen delivery to the tis-
sues. Long-term exposure to nitrous oxide has been shown to
produce a megaloblastic anemia with neurologic changes and
may exacerbate the effects of preexisting vitamin B12 deficiency.
Preexisting neurologic deficits should be documented and may
preclude use of regional anesthetic techniques.

Iron deficiency anemia results from insufficient iron intake
or a rapid turnover of cells (e.g., chronic blood loss or hemoly-
sis).The finding of amicrocytic, hypochromic anemia, together
with a low serum ferritin level, is a rapid and effective method
of making the diagnosis.

Anemia of chronic disease, the second most common cause
of anemia after iron deficiency, occurs in patients with acute
or chronic immune activation. Abnormal uptake and accumu-
lation of iron within the cells of the reticuloendothelial sys-
tem result in impaired erythropoiesis and blunted response to
erythropoietin. The diagnosis is largely one of exclusion. Lab-
oratory evaluation reveals a mild normochromic, normocytic
anemia with a low reticulocyte count and normal total body
iron (ferritin) stores. Treatment currently centers on managing
the underlying disease.

Sickle cell disease
Sickle cell disease (SCD) is an inherited blood disorder stem-
ming from production of the abnormal hemoglobin molecule
HbS. A single amino acid substitution (glutamic acid to valine
at the sixth position of the hemoglobin �-chain) results in
a loss of negative charge, which allows for neighboring HbS
molecules to associate and polymerize upon deoxygenation,
resulting in the distorted, sickled erythrocyte shape. Even when
fully oxygenated, a fraction of erythrocytes remains dense,
dehydrated, and sickled, resulting in the vaso-occlusive mani-
festations. Injury to a sickled erythrocyte cell membrane as a
result of polymerization causes adherence to vascular endothe-
lial cells, resulting in reduced blood flow, which initiates the
vicious cycle of ischemia, hypoxia, and further polymerization
and sickling (Fig. 10.1).

Complications of SCD are hemolysis, anemia, aplastic cri-
sis (sudden cessation of bone marrow activity), painful cri-
sis, splenic atrophy (with associated increased infection risk to
encapsulated bacteria), hypercoagulability, stroke, pulmonary
embolism, asthma, hepatopathy, renal insufficiency/failure
(from repeated infarcts), acute chest syndrome (the most com-
mon cause of death in adults with SCD), and secondary pul-
monary hypertension. The various clinical manifestations of
SCD are listed in Table 10.1.

Treatment of SCD consists of supportive regimens (folate,
magnesium, zinc), pneumococcal vaccine, prophylactic peni-
cillin, hydroxyurea (increases HbF levels, which interfere with
HbS polymerization), anhydration agents, transfusion (for
aplastic crisis or sequestration), pain therapy for painful crisis,
and (rarely) bone marrow transplantation.

Hemoglobin S

Sickle cell
disease

Sickling with
deoxygenation

Acidosis

Further sickling

Hypoxia Venous stasis

Tissue ischemia
and pain

Figure 10.1. Factors
precipitating sickling.

Preoperative assessment should include evaluation for
infection, dehydration, vaso-occlusion, and end-organ dam-
age. Intraoperatively, the patient should avoid sickling triggers,
such as hypothermia, hypoxemia, hypovolemia, acidosis, and
hypotension. In addition, fluid replacement should be selected
over vasoconstrictors when possible. The use of tourniquets
should be minimized, as they produce local stasis and acido-
sis. If a tourniquet is unavoidable, the limb should be carefully
exsanguinated and the cuff duration minimized.

Perioperative prophylactic transfusion frequently is used in
surgical patients with SCD, but no consensus exists regarding
the best regimen. Prophylactic red blood exchange has not been
shown to be superior to simple RBC transfusion in the preoper-
ative setting. Regional techniquesmay be used, but epinephrine
should be avoided. Acute chest syndrome, especially common
the first 48 to 72 hours postoperatively, is characterized by chest
pain, cough, progressive anemia, hypoxemia, and the presence
of new pulmonary infiltrates on chest radiograph.

Table 10.1. Clinical manifestations of SCD

System Complications

Neurologic Pain crisis, stroke, retinopathy, neuropathy, chronic
pain syndrome

Pulmonary Acute chest syndrome, airway hyperreactivity,
restrictive lung disease

Genitourinary Hyposthenuria, chronic renal insufficiency, urinary
tract infection, priapism, increased obstetric
complications

Gastrointestinal Cholelithiasis, liver disease, dyspepsia

Hematologic Hemolytic anemia, acute aplastic anemia, splenic
enlargement/fibrosis

Orthopedic Osteonecrosis, osteomyelitis, dactylitis

Vascular Leg ulcers

Immunologic Immune dysfunction, erythrocyte
auto/alloimmunization
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Less common causes of anemia
Thalassemias are a group of inherited disorders characterized
by decreased rates of production or failure to synthesize normal
globin chains. Clinical features of thalassemia include anemia,
hemolysis, and bone marrow hyperplasia. Treatment is based
on the severity of the anemia. Bone marrow transplantation for
patients with severe anemia may be curative. Regular transfu-
sion may be required if the thalassemia is severe.

Hereditary spherocytosis is a rare anemia caused by an
inherited RBC cytoskeletal abnormality. A defect of the spec-
trin protein in the cell membrane results in a more rounded
and fragile RBC. Anemia typically results from splenic destruc-
tion of the abnormal cells. Cholelithiasis secondary to chronic
hemolysis and elevated serum bilirubin concentrations are
common. Hemolytic crises, triggered by folate deficiency or
infection may worsen the anemia. Treatment of hereditary
spherocytosis is splenectomy.

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is
the most common inherited RBC enzyme disorder, affecting
400 million people worldwide. Chronic hemolytic anemia is
the most common manifestation. Drugs that form peroxides
by interactions with oxyhemoglobin can trigger hemolysis in
patients with G6PD deficiency.These agents include antimalar-
ial drugs, nitrofurantoin, probenecid, phenacetin, vitamin K,
quinidine, and nitroprusside. There is considerable variability
in the hemolytic response to drugs. Hemolysis typically begins
2 to 5 days after the offending drug’s administration. Bacte-
rial infections also may trigger hemolytic episodes. Patients
with G6PD deficiency cannot reduce methemoglobin; there-
fore, drugs such as nitroprusside and prilocaine should not be
used in these patients. Anesthetic drugs have not been incrim-
inated as triggering agents.

Immune hemolytic anemias are characterized by antibody
formation against the RBC membrane. These antibodies may
be acquired through drug exposure, disease, or erythrocyte
sensitization. Immune hemolytic anemias can be divided into
(1) autoimmune hemolysis, (2) drug-induced hemolysis, and
(3) alloimmune hemolysis. Autoimmune hemolytic anemia
includes warm and cold antibody hemolytic anemia, accord-
ing to the optimal temperature at which the antibodies act
to destroy RBCs. Cold hemolytic anemias are of special con-
cern in the perioperative setting, because the cold operating
room environment and hypothermia during cardiopulmonary
bypass may precipitate a hemolytic crisis. Maintaining a warm
environment is essential; in rare instances, plasmapheresis may
be required to reduce cold antibody titer before hypothermic
procedures. Of note, clinically insignificant cold-reacting RBC
autoantibodies often are detected incidentally in the blood bank
laboratory. Only the rare examples of cold autoantibodies that
cause hemolysis in vivo require special measures in the operat-
ing room.

Several clinical entities, including neoplasia, infection,
and collagen vascular diseases, may result in immune
hemolytic anemias. Immune hemolytic anemias also may be
drug induced from several commonly administered drugs,

including acetaminophen, cephalosporins, hydralazine, and
hydrochlorothiazide. Alloimmune hemolytic anemia most
commonly manifests as hemolytic disease of the newborn, in
which maternal antibodies against fetal RBCs with incom-
patible Rh or ABO blood groups are produced and cross the
placenta.

Polycythemia
In contrast to the previously mentioned erythrocyte disorders,
polycythemia is defined by an elevated hemoglobin concentra-
tion and increased hematocrit. It can be divided pathophys-
iologically into primary polycythemias (those not caused by
increased erythropoietin) and secondary polycythemias (those
caused by increased erythropoietin production). Polycythemia
vera, the most common type of primary polycythemia, is a
neoplastic stem cell disorder. Untreated polycythemia vera
may result in an increased risk of thrombosis as well as hem-
orrhage. Possible clinical manifestations of thrombosis include
myocardial infarction (MI), ischemic stroke, pulmonary
embolism, peripheral arterial thrombosis, and deep venous
thrombosis.

Secondary polycythemias result from increased erythropoi-
etin production in response to chronic tissue hypoxia (e.g.,
as occurs with ascent to high altitude or with cardiopul-
monary disease), tumors that secrete erythropoietin (e.g.,
kidney tumors), or inherited conditions that result in overpro-
duction or exaggerated response of erythropoietin. The main
goal in treating polycythemia is to correct the condition respon-
sible for the increased cell mass, if possible. Phlebotomy is
used to lower the hematocrit and prevent hyperviscosity while
the primary condition is being corrected. Treatment of poly-
cythemia vera additionally involves myelosuppressive drugs
such as hydroxyurea.

Coagulation disorders
Coagulation is a complex process, occurring in response to an
injury, in which the blood forms clot or thrombus. Injury usu-
ally occurs to the endothelial lining of the blood vessel, which
initiates a coagulation cascade leading to hemostasis (cessation
of blood loss from the damaged vessel).

Coagulation of blood involves two important processes,
formation of a platelet plug (primary hemostasis) and for-
mation of fibrin strands to strengthen the platelet plug (sec-
ondary hemostasis). The latter occurs via proteins known as
clotting/coagulation factors. Spontaneous thrombus formation
in normal endothelium is prevented by proteins and factors
such as heparan proteoglycans, prostacyclin, nitric oxide, and
tissue plasminogen activator. However, when the endothelium
is damaged, these anticoagulant proteins are down-regulated
and other proteins (procoagulants) are up-regulated.

Once the endothelial lining is damaged, it exposes collagen
to which circulating platelets bind (primary hemostasis). This
adhesion is facilitated by von Willebrand factor (vWF), caus-
ing the platelets to become activated. Activated platelets release
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Figure 10.2. The coagulation cascade.

humoral factors such as adenosine diphosphate (ADP), platelet
activating factor, and thromboxane, which in turn activate the
platelets. Activated platelets contain an increased amount of cal-
cium, which activates protein kinase C, which in turn modifies
the membrane protein “integrin,” increasing its affinity to bind
fibrinogen.

Secondary hemostasis consists of the coagulation cascade,
which is a series of reactions, to form fibrin. The coagula-
tion cascade consists of two initial pathways (Fig. 10.2): the
tissue factor (extrinsic) pathway and the contact activation
(intrinsic) pathway. These two initial pathways converge into
a common pathway leading to the formation of thrombin and
fibrin.

The coagulation cascade consists of various clotting/
coagulation factors, all of which are serine proteases or glyco-
proteins.The various coagulation factors are listed in Table 10.2.
All factors, except factors III, IV, andVIII, are synthesized in the
liver. Factors II, VII, IX, and X (plus proteins C and S) are vita-
min K dependent for their synthesis. Proper functioning of the
coagulation cascade requires cofactors such as phospholipids
and vitamin K. Regulators of the coagulation cascade include
protein C, antithrombin, tissue factor pathway inhibitor, plas-
min, and prostacyclin. Common laboratory tests of hemostasis
are listed in Table 10.3.

Coagulation disorders can be broadly divided into disor-
ders of hemostasis or thrombosis, with an intermediate group

Table 10.2. Coagulation factors

Plasma % of normal
concentration, required

Factor Name µg/ml for hemostasis

I Fibrinogen 3000 30
II Prothrombin 100 40
III Tissue factor – –
IV Calcium – –
V Proaccelerin 10 10–15
VII Proconvertin 0.5 5–10
VIII Antihemophilic 0.1 10–40
IX Thromboplastin 5 10–40
X Stuart 10 10–15
XI Prethromboplastin 5 20–30
XII Hageman 30 0
XIII Fibrin stabilizing 30 1–5

that includes both disorders. They are classified further by the
hemostatic component involved, that is, platelet or clotting
factors.

Platelet disorders
Thrombocytopenia
Platelet disorders are subdivided into disorders of platelet
number and platelet function. Thrombocytopenia is defined

Table 10.3. Common laboratory tests for hemostasis

Class Test Normal value

Platelet
function

Platelet count 100,000–400,000 cells/µl
Bleeding time <10 min

Platelet function and
aggregation analysis

Coagulation
studies

PT–tissue pathway Normal, 11–14 sec; prolonged
with low levels of factor I, II, V,
VII, or X, or liver disease. INR
standardizes results across
laboratories.

PTT–contact activation
pathway

Normal, 24–35 sec; prolonged
with low levels of factor I, II, V,
VIII, IX, X, XI, or XII. Heparin
prolongs PTT.

Thrombin time Normal, 22–32 sec; prolonged
with low levels of factor I or II

ACT Normal, 80–180 sec. Monitor
heparin therapy with large
doses in the operating room.

Thromboelastography Measure of time to initial clot
formation, time to clot
formation, clot strength,
clot lysis

Fibrinolysis
tests

D-dimer levels When plasmin cleaves
cross-linked fibrin (fibrinolytic
states)

Fibrin degradation
products

Excessive activity of plasmin,
which degrades fibrin (DIC)

INR, international normalized ratio.
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as a platelet count �150,000/�l. Major causes of thrombocy-
topenia include decreased production, increased destruction/
consumption, sequestration, and dilution. Common causes
of decreased production of platelets include drug effects,
infections, chemotherapy or radiation therapy, alcohol toxicity,
and certain vitamin deficiencies (B12/folate). Increased platelet
destruction and consumption occur in several conditions,
including disseminated intravascular coagulation (DIC), drug
exposure, autoimmune states (idiopathic thrombocytopenic
purpura, thrombotic thrombocytopenic purpura/hemolytic
uremic syndrome, antiphospholipid antibody syndrome),
HELLP syndrome (hemolytic anemia, elevated liver enzymes,
and low platelet count), physical destruction (cardiopulmonary
bypass, giant hemangiomas, large aortic aneurysms, large tissue
wounds), and adherence to grafts. Dilution typically occurs
after massive resuscitation/transfusion. Splenic sequestration
is found in patients with portal hypertension.

Some forms of thrombocytopenia are associated with
thrombotic risk (e.g., heparin-induced thrombocytopenia and
antiphospholipid syndrome) rather than bleeding. Surgical
bleeding due to thrombocytopenia does not typically occur
until the platelet count falls below 50,000/�l, and spontaneous
bleeding is not typically seen unless the platelet count falls
below 5000 to 10,000/�l. Dilutional thrombocytopenia is the
most common cause of intraoperative coagulopathy. Assuming
the preoperative platelet count is normal, as much as 80% of
the circulating blood volume may have to be replaced before
clinically significant thrombocytopenia occurs. Rapid diagnosis
is important to minimize bleeding or thrombotic risk through
appropriate therapy.

There are multiple causes of qualitative platelet abnormal-
ities. Inherited causes stem from abnormalities of the platelet
membrane (e.g., Bernard-Soulier syndrome, Glanzmann dis-
ease) or granule abnormalities. The former typically are asso-
ciated with more significant bleeding than the latter. Inherited
conditions are rare and usually are diagnosed in childhood.
The most common causes of acquired platelet dysfunction
are the various antiplatelet agents used to prevent thrombo-
sis and decrease the risk of MI, stroke, and other thrombotic
complications. Platelet transfusion may be necessary to sup-
port surgery. The major offending classes are cyclooxygenase
inhibitors, phosphodiesterase inhibitors (dipyridamole), ADP
receptor antagonists (ticlopidine and clopidogrel), and glyco-
protein IIb/IIIa antagonists (abciximab, tirofiban, eptifibatide).

Perioperative risk of hemorrhage in patients taking
antiplatelet agents varies with the agent used and the surgical
procedure. In general, bleeding risk increases when a patient
receives two or more agents or when the agent is combined
with another anticoagulant medication. Risks of perioperative
bleeding must be weighed against the risk of thrombosis
by withholding agents. It is important to note that several
commonly used herbal supplements, including garlic, ginkgo,
ginseng, and vitamin E, also are inhibitors of platelet function
and should be discontinued at least 1 week prior to surgery.
Qualitative platelet disorders also may be seen in various

Table 10.4. Classification and treatment of vWD

Type Mechanism of disease Treatment of choice

1 Partial quantitative deficiency of
vWF (and factor VIII)

Desmopressin

2 Qualitative defects of vWF

2A Defective platelet-dependent
vWF functions, associated with
lack of larger multimers

Factor VIII–vWF concentrates

2B Heightened platelet-dependent
vWF functions, associated with
lack of larger multimers

Factor VIII–vWF concentrates

2M Defective platelet-dependent
vWF functions

Factor VIII–vWF concentrates

2N Defective vWF binding to factor
VIII

Factor VIII–vWF concentrates

3 Severe or complete vWF
deficiency and moderately
severe factor VIII deficiency,
without alloantibodies

Factor VIII–vWF concentrates

Severe or complete vWF
deficiency and moderately
severe factor VIII deficiency, with
alloantibodies

Recombinant factor VIII

Adapted from Soliman DE, Broadman LM. Coagulation defects. Anesthesiol
Clin 2006; 24:549–578.

systemic conditions, including uremia, liver disease, myelodys-
plastic syndromes, and DIC. Finally, the reversible qualitative
platelet dysfunction caused by cardiopulmonary bypass is a
major cause of nonsurgical bleeding in cardiac surgery.

vonWillebrand disease
von Willebrand disease (vWD) deserves special attention as
it is relatively common, present in 1% to 2% of the general
population. vWD arises from a qualitative or quantitative defi-
ciency of vWF.This multimeric protein acts as an adhesive link
between platelets and the injured blood vessel wall, as well as
a carrier for factor VIII. Acquired forms of vWD are asso-
ciated with lymphoproliferative disease, tumors, autoimmune
disease, hypothyroidism, cardiac and valvular defects, andmed-
ications (e.g., valproic acid). The most common symptom is
mucocutaneous bleeding, such as easy bruising, epistaxis, gin-
gival bleeding, andmenorrhagia. vWD should be considered in
any patient with a history of unexplained postoperative bleed-
ing. If vWD is suspected in a patient about to undergo an
elective procedure, the case should be canceled until a proper
hematologic workup is obtained. The mechanisms behind the
various types of vWD, as well as their treatments, are shown in
Table 10.4.

Clotting disorders
Inherited coagulation disorders
Hemophilias
Themost common examples of an inherited coagulation disor-
der are the hemophilias, characterized by a partial or complete
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deficiency of a coagulant factor.The twomost common are defi-
ciencies in factors VIII and IX, corresponding to hemophilia A
andB, respectively. Both diseases have X-linked recessive inher-
itance; therefore, males are far more commonly affected than
females. Up to 50% of hemophilia cases appear de novo as a
result of new mutations. Female carriers may actually behave
as mild cases, as some have significantly reduced coagulation
factors themselves, and obstetric anesthesiologists, in particu-
lar, should be aware of these.

Preoperatively, unexplained bruising or bleeding in young
males or a positive family history usually indicates referral to a
hematologist. Patients with hemophilia A or B usually demon-
strate an isolated prolongation of activated partial thrombo-
plastin time (aPTT), that is, normal prothrombin time (PT),
thrombin clotting time, fibrinogen level, and platelet count.
However, very mild cases may actually demonstrate a nor-
mal aPTT, and direct factor level measurements become
necessary for diagnosis. Bleeding may occur anywhere, but
the most common sites are into joints (80%) and muscles,
as well as from the gastrointestinal tract. Bleeding severity
relates to the degree of factor deficiency. For example, spon-
taneous bleeds occur in severe cases (�1% coagulant factor),
whereas patients with moderate (1%–5%) and mild (�5%) fac-
tor deficiencies may bleed excessively only after trauma or
surgery.

Treatment is aimed toward replacement of the specific coag-
ulation factor. Historically, the use of plasma-derived coagu-
lation factor concentrates tragically caused HIV and hepatitis
C virus infections among thousands of hemophilia patients.
Recombinant factor replacement is now available to minimize
infectious disease exposure. Moreover, all coagulation factor
concentrates are now required to undergo viral inactivation
steps during manufacturing. Like products such as albumin,
factor concentrates currently are considered to have zero risk
of viral transmission.

Up to 30%of patientswith severe hemophiliaAmaydevelop
alloantibody inhibitors to factor VIII. In most cases, these
patients cannot be treated using factor concentrates and must
be managed using “bypass” agents, such as recombinant factor
VIIa. Close consultation with a hematologist is mandatory.

Acquired coagulation disorders
Acquired inhibitors of coagulant factors
Another class of closely related bleeding disorders consists of
the acquired inhibitors of coagulant factors, typically associated
with autoimmune disorders, drug reactions, or the postpartum
period. Elective surgery should be postponed until inhibitor
formation is suppressed.

Vitamin K deficiency
A more common form of acquired bleeding disorder is defi-
ciency of vitamin K, a compound necessary for the synthesis of
factors II, VII, IX, and X, as well as the anticoagulant proteins C
and S. Vitamin K consists of two subunits: vitamin K1, found in
green leafy vegetables, and vitaminK2, synthesized by intestinal

bacteria. Patients therefore can acquire vitamin K deficiencies
by poor diet and/or by taking antibiotics that destroy intestinal
bacteria. Biliary obstruction,malabsorption, cystic fibrosis, and
resection of the small intestine also may contribute to vitamin
K deficiency.The PT usually is prolonged first, as factor VII typ-
ically is depleted relatively early. Urgent treatment of vitamin K
deficiency requires intravenous vitamin K, administered slowly
to prevent hypotension. Improvement in coagulopathy usually
is apparent 6 to 8 hours after administration.

Medications
A few commonly used medications act on the coagulation cas-
cade in a similar manner. These systemic anticoagulants are
used to prevent or treat thromboembolic complications and are
recommended for an increasing number of medical conditions,
including mechanical heart valves, atrial fibrillation, venous
thromboembolism, acute MI, and stroke. A typical example is
warfarin, which works by inhibiting vitamin K epoxide reduc-
tase, preventing vitamin K synthesis. Because warfarin is a
highly protein-bound compound in the plasma, unintentional
increases in anticoagulation may occur when warfarin is dis-
placed by other protein-bound drugs.

Other drug interactions occur by medications inhibiting or
activating the cytochrome P-450 system, as it is metabolized
almost entirely by the liver. Rapid reversal can be accomplished
by administration of fresh frozen plasma (FFP) and vitamin K.
In urgent cases (e.g., intracerebral hemorrhage onwarfarin), the
infusion of prothrombin complex concentrate (PCC) should
be considered. PCCs contain factors II, VII, IX, and X, and
thus provide immediate replacement of factors that are deficient
from warfarin therapy.

Unfractionated heparin acts by binding reversibly to
antithrombin III, accelerating its inhibition of coagulation
factors XII, XI, X, IX, plasmin, and thrombin. This effect
can be reversed by administering protamine, although stop-
ping the heparin infusion usually is adequate during a short
period, as the half-life of heparin is �1 hour. Low molec-
ular weight heparin (LMWH) also acts via antithrombin III
but has a greater ability to inhibit factor Xa than thrombin.
The half-life, in contrast, is longer, as LMWH can be given
once daily as a maintenance dose. Two additional classes of
anticoagulant medications are direct thrombin inhibitors, such
as argatroban, and direct factor Xa inhibitors, such as fond-
aparinux.

Disorders of fibrinolysis
The typical example of a disorder of fibrinolysis is DIC, a con-
sumptive coagulopathy characterized by inappropriate and
widespread systemic activation of coagulation and excessive
fibrinolysis, resulting in small vessel thrombosis and general-
ized bleeding. DIC also is associated with thrombocytopenia,
elevated fibrin split products, and elevated D-dimers. Various
triggers of DIC are shown in Fig. 10.3. Treatment primarily is
supportive and aimed toward correcting the underlying cause.
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Figure 10.3. Conditions associated with DIC.

Theoretically, a key strategy to managing DIC is interruption of
the coagulation process. Very rarely, the use of heparin is con-
sidered for this purpose – particularly for patients with overt
thromboembolism or extensive deposition of fibrin. Treatment
with FFP (to replace coagulation factors), cryoprecipitate (to
replace fibrinogen), and platelet concentrates may be of value
in the setting of diffuse bleeding.

Disorders of thrombosis
Most, if not all, cases of thromboembolism result from a con-
vergence of underlying genetic predisposition and acquired pre-
cipitating events. Virchow’s triad, consisting of altered blood
flow (stasis), vascular endothelial injury, and altered blood con-
stituents (inherited or acquired hypercoagulable states), pro-
vides a simplified model for venous thromboembolism.

Inherited hypercoagulable states are associated with venous
rather than arterial thrombosis. These may be the result of
increased prothrombotic protein activity or quantity (factor V
Leiden, prothrombin genemutationG20210A, or increased lev-
els of factor VII, VIII, IX, or XI, or vWF) or from decreased
activity or quantity of antithrombotic proteins (protein C,
protein S, and antithrombin). Coagulation and anticoagulation
proteins are consumed acutely during a thrombotic event, so
testing should take place 2 to 3 weeks after the thrombotic
event. Hypercoagulable laboratory workup typically includes a
complete blood count, PT, partial thromboplastin time (PTT),
fibrinogen, protein C assay, protein S antigen, anticardi-
olipin antibody, factor V Leiden assay, lupus anticoagulant
panel, homocysteine assay, and functional antithrombin assay.
Patients with suspected or documented hypercoagulable states
are treated with warfarin for 6 months or until they are

thrombosis-free for 2 months. Patients who develop a second
thrombotic event or have other risk factors require long-term
anticoagulation.

Acquired hypercoagulable states also are possible. The
perioperative setting itself is associated with increased risk
of thrombosis secondary to both an increased prothrom-
botic state and inhibition of fibrinolytic pathways. This is
especially true for orthopedic, major vascular, neurosurgi-
cal, and oncologic procedures. Additional risk factors among
surgical patients include age, previous thrombotic event,
malignancy, thrombophilia longer surgery and immobilization
times.

An additional acquired hypercoagulable state the clinician
should be aware of is heparin-induced thrombocytopenia
(HIT), a transient antibody-mediated, prothromboic disorder
initiated by exposure to heparin. Diagnosis is made when HIT
antibody formation is accompanied by an otherwise unex-
plained fall in platelet count (usually �50%) and/or by other
clinical sequelae, such as thrombosis, skin lesions, or acute
systemic reaction. Treatment for patients with suspected or
confirmed HIT is cessation of heparin and initiation of non-
heparin anticoagulants, such as direct thrombin inhibitors, to
prevent thrombotic complications. LMWHs should be avoided,
as they cross-react with HIT antibodies. Vigilance should be
maintained in identifying and eliminating sources of heparin
exposure, including heparin-coated lines and line and port
flushes.

Autoimmune hypercoagulable states may be inherited or
acquired. The two typical examples, anticardiolipin antibody
and lupus anticoagulant,may result in venous or arterial throm-
boses, thrombocytopenia, and recurrent fetal losses. These
autoantibodies usually occur in association with other autoim-
mune diseases but can occur independently. Patients with these
disorders are at increased risk for developing ischemic and
valvular heart disease, as well as recurrent cerebral infarcts,
headaches, and visual disturbances. As such, these patients
commonly receive chronic anticoagulation. Additional peri-
operative measures to decrease thrombotic risk include the use
of elastic stockings andmaintenance of normovolemia and nor-
mothermia. Additionally, because the autoantibodies inhibit
phospholipid-dependent coagulation in vitro, heparinmonitor-
ing should be performed using whole-blood coagulation tests
only (e.g., activated clotting time [ACT]).

Suggested readings
Brash PG, Cullen BF, Stoelting RK, eds. Clinical Anesthesia. 5th ed.

Philadelphia: Lippincott Williams &Wilkins; 2006.
Firth PG. Anaesthesia for peculiar cells – a century of sickle cell

disease. Br J Anaesth 2005; 95:287–299.
Lasne D, Jude B, Susen S. From normal to pathological hemostasis.

Can J Anesth 2006; 53:S2–S11.
Levi M, Cate H. Disseminated intravascular coagulation. N Engl J

Med 1999; 341:586–592.
Levy JH, Tanaka KA, Hursting MJ. Reducing thrombotic

complications in the perioperative setting: an update on

68



Chapter 10 – Common Blood Disorders

heparin-induced thrombocytopenia. Anesth Analg 2007;
105:570–580.

Madjdpour C, Spahn DR, Weiskopf RB. Anemia and perioperative
red blood cell transfusion: a matter of tolerance. Crit Care Med
2006; 34:S102–S108.

Martlew VJ. Peri-operative management of patients with coagulation
disorders. Br J Anaesth 2000; 85:446–455.

Oranmore-Brown C, Griffiths R. Anticoagulants and the

perioperative period. Cont Edu Anaesth Crit Care Pain 2006;
66:156–159.

Park KW. Sickle cell disease and other hemoglobinopathies.
Int Anesthesiol Clin 2004; 42:77–93.

Soliman DE, Broadman LM. Coagulation defects. Anesthesiol Clin
2006; 24:549–578.

Weiss G, Goodnough LT. Anemia of chronic disease. N Engl J Med
2005; 352:1011–1023.

69



Chapter

11 The elderly patient
Ruma R. Bose and Sheila R. Barnett

The term geriatric/elderly generally is reserved for patients
65 years and older; however, this definition combines a large
group of individuals with a wide range of abilities. Aging is an
inevitable process producing measurable changes in the struc-
ture and function of tissues and organ systems. One of themain
problems encountered by anesthesiologists when dealing with
elderly patients is distinguishing the impact of age versus the
effect of disease on organ function.The anesthesiologist is faced
with the challenge of estimating the reserve capacity of vital
organ systems and predicting the ability of the individual to deal
with the stress of anesthesia and surgery.

Risk factors and the elderly
Although chronologic age per se is not a contraindication for
surgery or anesthesia, elderly patients are at increased risk for
adverse events following surgery. Certain factors are known to
increase the risk associatedwith surgery in older patients.These
include:

� Operative site: intra-abdominal and intrathoracic
procedures are less well tolerated.

� Physical status at the time of surgery: preoperative
stabilization is important. The presence of congestive heart
failure, renal failure, or ischemic heart disease carries a
higher risk of morbidity and mortality.

� Emergency surgery: this carries a poor prognosis.

Guidelines for treating geriatric patients
Elderly patients may be challenging to care for because of the
tremendous heterogeneity within this age group. However, a
few common themes arise that can help guide the care of the
elderly patient:

� Clinical presentation of disease frequently is atypical,
leading to delays and errors in diagnosis. This may result in
a later presentation to the operating room, a more
advanced disease condition, and greater likelihood of
instability.

� Individuals over age 65 years have, on average, three or
four medical diseases, often limiting function and
increasing morbidity.

� Polypharmacy is a major issue in this population. Many
older patients are on multiple medications that may affect
the administration of anesthesia.

� Diminished organ reserve may be unpredictable, and even
significant limitations may become apparent only during
stressful events.

� The impact of extrinsic factors such as smoking,
environmental factors, and socioeconomic status on
physiologic age is difficult to quantify.

� Significant interindividual variability and heterogeneity
exist in the aged population, making responses difficult to
predict based on age alone.

� A disproportionate increase in perioperative risk may
occur without adequate preoperative optimization, and
adverse events are more frequent when cases are done on
an emergent basis.

� Meticulous attention to detail may help avoid minor
complications, which in elderly patients may rapidly
escalate into major adverse events.

Aging andmajor organ systems
Cardiovascular system
Cardiovascular complications represent the primary source of
perioperative complications in elderly patients. Preexisting car-
diac conditions, such as coronary artery disease, hypertension,
and abnormal left ventricular function, put the patient at risk
for a postoperative cardiac event (Fig. 11.1).

The combined effects of these aging changes result in a
decrease in compensatory response of the cardiovascular sys-
tem to stress and hypotension. Elderly patients cannot compen-
sate for hemodynamic fluctuations by altering heart rate, stroke
volume, cardiac output, and oxygen delivery to the same extent
as younger individuals, rendering them vulnerable to the side
effects of anesthetic agents that alter hemodynamics and the
consequences of surgery.

Pulmonary system
Perioperative pulmonarymorbidity andmortality increasewith
age. There is a gradual decrease in pulmonary reserve, and
it may be difficult to separate age-related changes from those
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Figure 11.1. Cardiovascular (CV) changes in elderly patients. CO, cardiac output; SVR, systemic vascular resistance; SV, stroke volume; HR, heart rate; HTN,
hypertension; CAD, coronary artery disease; LVH, left ventricular hypertrophy; CHF, congestive heart failure.

secondary to disease and environmental factors.The influences
of prior smoking and environmental exposures are particularly
difficult to distinguish from senescence (Table 11.1).

These mechanical changes are exacerbated by an aging cen-
tral nervous system with diminished responsiveness to hypox-
emia as well as to hypocapnia and hypercapnia. In addition,
older patients exhibit increased sensitivity to opioid-induced
blunting of the normal ventilatory response to hypercarbia.
Residual anesthetic agents may further suppress these reflexes.
Thus, older patients aremore susceptible to developing hypoxia,
making them unable to respond appropriately to hypoxemia
and hypercarbia. In general, supplemental oxygen and close
monitoring are required, especially in the immediate postop-
erative setting.

Central nervous system
There is continual neuronal loss with aging, which is more
prominent in gray matter versus white. There is a gradual
decline in cerebral metabolic rate, oxygen consumption, and
cerebral blood flow. Decreases in neurotransmitter action of

Table 11.1. Changes in pulmonary functions in the elderly

FRC ↔
RV ↑
RV/total lung capacity ↑
Closing capacity ↑
Dead space ↑
Work of breathing ↑
V/Q mismatch ↑
FEV1 ↓
PaO2 ↓
PaCO2 ↔
HPV ↓
Thoracic wall compliance ↓
Alveolar elasticity ↓
Vital capacity ↓
Total lung capacity ↓
MBC ↓
FRC, functional residual capacity; RV, residual volume; V/Q,
ventilation-perfusion; FEV1, forced expiratory volume in the first
secondof expiration; HPV, hypoxic pulmonary vasoconstriction;
MBC, maximal breathing capacity; ↑, increase; ↓, decrease; ↔,
equivocal.
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acetylcholine, dopamine, and serotonin may predispose older
patients to delirium and increased sensitivity to effects of cen-
trally acting medications. Simple pain thresholds rise with age,
reflecting a reduction in end-organ pain neurons andperipheral
deafferentation. However, central processing of pain and thala-
mic amplification probably remain normal.

Peripheral nervous system
Sensory changes occur and may lead to decreased visual acu-
ity and increases in dark adaptation. Diminished hearing,
particularly at the high frequencies above 10 kHz, has been
observed. Attrition of taste buds, diminished ability to detect
smell, and diminished thirst sensation have been noted andmay
lead to dehydration and orthostatic hypotension. Joint percep-
tion and vibration sense are compromised, contributing to an
increased risk of falls. The risk of falls is exacerbated by the
changes in the peripheral nervous system as well. Electrical
conduction falls in both sensory and motor nerve pathways by
about 2% to 3% per decade after adulthood, or approximately
0.15 m/sec/year. Peripheral neurogenic atrophy is common,
resulting in decreased muscle strength and fine motor control.
Aging also is accompanied by a progressive predominance of
type 1 (slow-twitch) over type 2 (fast-twitch) muscle fibers.

These changes may lead to increased difficulty with balance
and coordination following surgery, especially if the surgery
involves a limb. Postoperatively, regional blockade may fur-
ther distort the older patient’s ability to balance or use crutches
or walking aids. These may be important considerations when
choosing the surgical setting (inpatient versus ambulatory) and
the type of anesthesia (regional versus general).

Postoperative delirium, cognitive dysfunction,
and stroke
Postoperative mental status changes are one of the events about
which elderly patients are most concerned. Common postoper-
ative mental status changes result from delirium, cognitive dys-
function, or perioperative stroke.

Delirium is an acute confusional state associated with fluc-
tuatingmental status and disorientation (Chapter 55). It may be
accompanied by agitation or combative behavior.The incidence
of postoperative delirium ranges from 5% to 50% and has been
linked to numerous preexisting conditions and medications
(Table 11.2). Deliriummay manifest as postoperative agitation,
and confusion may occur unexpectedly, usually appearing 1 to
4 days following surgery and often after an initial lucid period.
Certain medications are associated with an increased incidence
of delirium, including meperidine, benzodiazepines (especially
lorazepam and diazepam), and medications with anticholiner-
gic effects (diphenhydramine and atropine).

Initial management of delirium is supportive, addressing
the ABCs: airway, breathing, and circulation. Once hemo-
dynamic stability is assured, the next step is to search for an eti-
ology. This requires a search for a physical illness, infection, or
drug toxicity. Untreated pain is a common cause of agitation

Table 11.2. Causes of delirium

Advanced age
Preexisting dementia
Depression
Hypoxia, hypocarbia
Hypotension
Alcohol or sedative withdrawal
Impaired vision and hearing
Metabolic disturbances, e.g., hypo- and hypernatremia
Acute myocardial infarction
Infection
Emergency surgery

and confusion in the postoperative period and may go unrec-
ognized in demented patients with communication problems.
Opioids should be considered early in treatment, and haloperi-
dol, in small doses, may be useful in treating acutely agitated
elderly patients. Supportivemeasures include safety precautions
such as rails and close supervision.The use of simple measures,
such as provision of clocks, good daytime lighting, familiar pho-
tos, and personal objects, may help reorient older people fac-
ing a new environment and may improve their ability to cope.
Postoperative delirium is associated with significant increases
in length of stay, nursing home admission, and morbidity and
mortality.

Postoperative cognitive dysfunction (POCD), in contrast to
delirium, refers to subtle cognitive changes usually detected on
neuropsychological testing after surgery. Early POCD is related
to increasing age, increasing duration of anesthesia, a low
level of education, a second operation, postoperative infection,
and respiratory complications. Prolonged POCD (3 months)
is associated only with increasing age. Patients with POCD
at discharge have a higher mortality at 1 year after surgery.
POCD continues to be investigated, and the role of anesthe-
sia in the development of POCD is not yet fully understood.
Potential mechanisms currently under investigation include,
but are not limited to, exaggerated decline in central cholin-
ergic function, perioperative hypoxia and hypotension, genetic
predisposition, and abnormal stress response with prolonged
hypercortisolemia.

Postoperative stroke is also a significant cause of altered
mental status and morbidity following surgery. In general, the
dramatic increase in cerebral arteriosclerosis observed with
advanced age is associated with an increase in the incidence
of stroke. The overall incidence of stroke is 1.5 times higher in
individuals 65 to 74 years old, twice as high in patients 75 to
84 years old, and three times as high in patients aged 85 years or
older compared with younger age groups. Perioperative stroke
risk increases from 0.2% in patients less than 65 years of age to
3.4% in patients older than 80 years.

Renal system
Asmany as 30% of elderly patients have renal impairment prior
to surgery, which predisposes them to acute tubular necrosis
postoperatively (Table 11.3). Acute renal failure accounts for
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Table 11.3. Renal changes in the elderly

Decrease in renal blood flow (mainly in cortex)
Variable decline in glomerular filtration rate
Decline in ADH response
Decrease in total body water
Decreased ability to conserve sodium
Diminished urine-concentrating ability (urine osmolarity declines from

1200 mOsm/kg at age 30 y to 900 mOsm/kg by age 80 y)
Decline in renin–aldosterone levels
Decreased thirst perception (dehydration)

ADH, antidiuretic hormone.

one-fifth of the postoperative deaths in the elderly. A steady
decrease in glomerular filtration rate is accompanied by a
decline in lean bodymass.Thus, creatinine production declines,
and seemingly normal creatinine values may not accurately
reflect true renal function.Measuring creatinine clearance gives
a more accurate idea of renal function.

Hepatic system
Aging is associated with a loss of functioning mass of hepa-
tocytes. The decrease in drug metabolism parallels the loss of
functional mass, but there is significant interindividual varia-
tion. Hepatic blood flow diminishes, leading to decreased clear-
ance of drugs. Albumin production declines with age and is
reduced further bymalnutrition and chronic and acute diseases,
which may result in an increase in the free portion of protein-
bound drugs. Phase II metabolism appears to be unaltered.

Pharmacokinetic and pharmacodynamic
changes
The administration of medications in the elderly is especially
challenging.Older patients exhibit increased sensitivity tomed-
ications such as opioids and inhalational agents, and the effects
may be prolonged because of delayed clearance and excretion
(Table 11.4). In general, it is important to reduce the initial
doses and increase the interval between repeated doses in older
patients.

As a person ages, there is a decrease in total body water and
an increase in fat reservoirs, leading to a decrease in the initial
volume of distribution of water-soluble medications. A delay in
intercompartmental clearance further affects the initial redis-
tribution of drugs, potentially leading to a higher initial plasma
concentration of medications such as propofol. Albumin lev-
els tend to decrease with age; in addition, the quality of protein

Table 11.4. Elimination half-life of drugs

Drug Young people Older people

Fentanyl 4 h 15 h
Alfentanil 1.5 h 2 h
Diazepam 24 h 72 h
Midazolam 2.8 h 4.3 h
Vecuronium 16 min 45 min

binding deteriorates with advanced age.The decrease in plasma
albumin increases the free fraction of the drugs, increasing the
available concentration at the receptor site and causing a more
profound effect.This becomesmore important in drugs that are
highly protein bound, such as barbiturates, benzodiazepines,
and opioids. Reductions in liver blood flow and renal function
lead to a prolonged duration of action of the drugs and their
metabolites. The increase in body fat may act as a reservoir for
lipid-soluble drugs, leading to prolonged duration and elimina-
tion half-life of lipophilic drugs, such as morphine.

In older patients, these changes may result in an increased
potential to manifest adverse effects associated with medi-
cations. For instance, hypotension associated with propofol
administration may be prolonged and increase the risk of
ischemia in patients with underlying cardiac or cerebrovascu-
lar disease. Adverse events may be increased by polypharmacy,
and in older patients it is advisable to minimize the number of
different agents used when possible.

Anesthetic management
There is no “best” anesthetic for an elderly patient. In contrast
to pediatric patients, in whom it is possible to make assump-
tions about anesthetic requirements based on age-specific phys-
iologic changes, elderly patients are a heterogeneous population
and chronologic age may not reflect the physiologic age. Older
patients require a careful preoperative assessment for the pres-
ence of concomitant disease, medication use, and functional
status, all of which will influence the choice of anesthesia.

Preoperative examination
The preoperative evaluation is critical for the safe administra-
tion of anesthesia to elderly patients. The goal of a preopera-
tive assessment is to establish the baseline health and functional
status of the patient, identify comorbid conditions, and deter-
minewhether further evaluation and optimization are required.
Elderly patients have an average of three diseases after the age
of 65 and are frequently on multiple medications, making the
preoperative assessment especially challenging. Chronic pain,
agitation, and dementiamay prohibit the patient from lying still
during the procedure, making a plan for deep sedation unfea-
sible, even if the procedure is minor. The early identification
of patients requiring further investigation or those with special
issues may help with advance planning and room scheduling.

The preoperative evaluation of patients with extensive med-
ical historiesmay be very difficult in thosewith baseline demen-
tia and memory loss, and every effort should be made to obtain
prior medical records. A mental status examination should
be considered for all geriatric surgical patients. Preoperative
depression and alcohol abuse are relatively common and not
always admitted by the patient or family, but these will increase
the risk of delirium in the postoperative period. Frail older
patients frequently need assistance postoperatively, and the plan
for postoperative care should be discussed in advance with the
patient and relevant relatives or caretakers.
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As with all preoperative testing, requests for laboratory
studies or further investigations should be directed by the
history and a physical examination that includes a func-
tional assessment. A baseline electrocardiogram (ECG) gen-
erally is indicated in women over the age of 55 years and
men over 45 years. Further testing beyond the history and
physical is determined by an assessment of the surgical pro-
cedure and the baseline comorbidities of the patient. For
instance, a patient with significant cardiac morbidity about
to undergo cataract surgery may not need further investiga-
tion, whereas a patient with fewer cardiac risk factors com-
ing in for high-risk surgery will need a comprehensive cardiac
evaluation.

Polypharmacy is a common occurrence in elderly patients,
and a complete list of medications, including over-the-counter
and alternative treatments, should be included in the pre-
operative assessment. It may be helpful to ask patients to
bring all their medications to the preoperative clinic or on
the day of surgery to lessen confusion regarding multiple
prescriptions.

Intraoperativemanagement
Premedication
A general principle when treating the geriatric patient is to
avoid any unnecessary medications. Premedication should be
administered carefully because of increased sensitivity to the
drugs and a higher incidence of postoperative delirium. Mida-
zolam is a popular benzodiazepine administered in the preop-
erative period. Older patients aremore sensitive to the effects of
midazolam; therefore, the starting dosemay need to be reduced
and the interval between supplemental doses increased. Anti-
cholinergic agents such as diphenhydramine and scopo-
lamine should be avoided because of increased incidence of
delirium.

Induction
Profound hypotension may occur following the induction of
general anesthesia in older patients. Several factors contribute
to the development of hypotension, including a decreased
volume of distribution for induction agents, leading to a
more pronounced effect for the same dose. Hypovolemia also
exaggerates this effect, especially in patients who are fasting,
hypertensive, or on diuretics and those who have had bowel
preparations.

Aging results in a diminished capacity to respond to
hypotension because of blunting of the baroreceptor reflex,
leading to a reduction in heart rate increases. This may be
exacerbated by medications that further reduce the ability to
respond to hypotension, such as �-blockers and angiotensin-
converting enzyme inhibitors. Therefore, the dose of induction
agent may need to be decreased, vasopressors should be readily
available, and the interval between doses of repeated medica-
tions should be lengthened as necessary.

Drug administration
Benzodiazepines
Elderly patients exhibit increased central nervous system sensi-
tivity to midazolam; therefore, a lower starting dose is recom-
mended. Reduced hepatic microsomal oxidation and clearance
result in an elimination half-life roughly twice that in younger
patients. Longer-acting benzodiazepines, such as lorazepam
and diazepam, have significantly prolonged action in the elderly
and may lead to delirium and confusion; therefore, they should
probably be avoided in this population.

Propofol
In the elderly, propofol has a smaller volume of distribution
and initial target organ levels are higher, which may result in
a greater degree of hypotension compared with other agents,
because of vasodilatory effects. The initial redistribution likely
also is slowed in the older patient, so dosing intervals should
be increased; this is particularly true in patients with reduced
cardiac output. The short duration of action and minimal
side effects associated with propofol are advantageous in the
older patient with baseline cognitive dysfunction and multiple
comorbidities, provided the hypotension is tolerable. In general,
the induction dose of propofol may need to be reduced by 25%
to 50% and titrated slowly to effect.

Thiopental
Thiopental has a slower onset of action and causes a reduction
in cardiac output in older patients.The dosage generally should
be reduced 25% to 50% in the elderly. The elimination half-
life is prolonged to almost 25 hours in older individuals, com-
pared with 12 hours in younger patients. Thiopental should be
used with caution in frail elderly patients with cardiac or renal
disease.

Etomidate
Etomidate is a short-acting agent metabolized by ester hydrol-
ysis. A rapid recovery and minimal cardiac depressant effects
make it a useful agent in the elderly patient with multiple
comorbidities, especially in the presence of hypovolemia. The
11-�-hydroxylase blockade caused by a single bolus of eto-
midate should be considered. Drug clearance is hepatic flow
dependent and may be prolonged; thus the overall dose may
need to be reduced.

Opioids
Aging is associated with increased sensitivity to opioid medi-
cations, resulting in a predisposition to respiratory depression
and apnea.Hepaticmetabolism is reduced, the volume of distri-
bution generally is increased, and renal clearance ofmetabolites
is reduced. As with other medications for the elderly, the dose
of opioids should be reduced and the interval between doses
prolonged.
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Remifentanil, metabolized by plasma and tissue esterases,
has an extremely short half-life. Its noncumulative nature offers
advantages in the elderly patient, particularly in cases requir-
ing sedation and in those with intense short periods of pain
and stimulation. The clinician should be aware of the potential
bradycardia associated with remifentanil administration, par-
ticularly in patients who already are �-blocked. Fentanyl has
minimal cardiac side effects, although older patients exhibit
increased sensitivity. In general, the dose should be reduced
50% and titrated slowly to effect. Morphine is longer acting,
with activemetabolites; thus, theremay be increased risk of res-
piratory depression, as with all long-acting opioids.

Inhalational agents
The minimum alveolar concentration (MAC) of inhalational
agents declines 4% every decade over age 40. By the age of 70
years, the MAC is reduced 20% to 30% compared with that of a
younger subject. This may reflect an age-related loss of central
nervous system reserve and a decrease in neurotransmitter lev-
els. Cardiac effects of these agents, such as reduced myocardial
contractility, are exaggerated inmost elderly patients, especially
those with already compromised cardiac function. Shorter-
acting agents such as desflurane offer some advantages in the
elderly, but there are no consistent data to support the use of
one short-acting inhalational agent over another.

Muscle relaxants
Aging results in a decrease in muscle mass and strength, as
well as a slowing in time and rate of relaxation, likely as the
result of decreased rate and maximal speed of calcium uptake
in the endoplasmic reticulum.The duration of action of nonde-
polarizing muscle relaxants is prolonged in the elderly because
of slower hepatic metabolism and decreased renal clearance;
however, this generally has little effect on the clinical admin-
istration of the medications. Agents that undergo Hoffman’s
degradation, such as atracurium and cisatracurium, are not
affected by aging. Mivacurium, which is metabolized by plasma
cholinesterase, can demonstrate a prolonged duration of action
because of a decrease in the level of cholinesterase in frail elderly
patients. The pharmacokinetics of depolarizing muscle relax-
ants are not affected by aging. Complete reversal of neuromus-
cular blockade is important to prevent adverse events associated
with prolonged weakness in the recovery area. Tachycardia
associated with anticholinergic medications such as glyco-
pyrrolate may not be well tolerated in patients with underly-
ing ischemic disease. Reducing the dosage or administration of
short-acting �-blockers such as esmolol may offset the tachy-
cardia.

Airwaymanagement
Elderly patients have diminished pharyngeal sensitivity and a
loss of protective laryngeal reflexes, and are at increased risk
from silent passive aspiration. Sedation and residual anesthetic

drug effects may compound this risk. Establishment of an air-
way may be difficult in elderly patients. The factors that may
complicate airway management include limited neck exten-
sion, advanced arthritis, increased vertebrobasilar insufficiency
worsened by neck extension, and reduced mouth opening.
Although the edentulous state can make intubation easier, it
also can make mask ventilation much more difficult, and an
oral airway may be required to achieve an adequate mask fit.
Sympathetic response to laryngoscopy is exaggerated in elderly
patients, and the resulting hypertension and tachycardiamay be
poorly tolerated by patients with underlying cardiac disease.

Regional anesthesia
Although anecdotal evidence suggests there may be signifi-
cant advantages to spinal or epidural anesthesia over general
anesthesia, there are few data to support a clear advantage in
the elderly patient. Certain advantages that have been shown
in patients undergoing epidural or spinal anesthesia include a
reduction in the incidence of postoperative thrombosis, blood
transfusion, and blood loss during orthopedic procedures. Age-
related decreases in the clearance of local anesthetics and sub-
sequent accumulation may predispose the older patient to
toxicity. Lower doses of local anestheticsmay be needed because
nerve size and conduction are reduced with aging. The quan-
tity of myelinated fibers is diminished in older patients, and by
age 90, one third of myelinated fibers have disappeared.

Placement of regional techniques may be more difficult sec-
ondary to arthritis and calcification of spinal ligaments. Other
comorbidities and chronic pain may restrict optimal position-
ing. Local anesthetics in the epidural and subarachnoid space
ultimately are absorbed into the circulation, and the plasma
concentration depends on their absorption, distribution, and
elimination.With age there is a decrease in the size and compli-
ance of the epidural space, and equivalent doses of local anes-
thetics may cause a higher level of sensory blockade in the
elderly than in the younger individual. Elderly patients also
tend to exhibit more dramatic decreases in blood pressure, and
vasopressors should be immediately at hand to treat hypoten-
sion. Postdural puncture headaches are less common in elderly
patients.

Positioning
Many elderly patients have characteristics that predispose them
to accidental injury from seemingly benignpositions.These fac-
tors include accelerated loss of subcutaneous and intramuscu-
lar fat, resulting in bony prominences requiring extra padding;
demineralized long bones susceptible to fractures; atrophied
skin tissues, leading to skin tears after tape and intravenous
line placement; and, in general, slow healing. Vertebrobasilar
insufficiencymay predispose older patients to unexpected cere-
bral ischemia with neck extension during airway manipula-
tion or positioning for surgery. Osteoarthritis and ankylosing
spondylitis may limit optimal positioning during intubation
and during placement of central neuraxial blockade.

75



Part 1 – Preoperative Care and Evaluation

Monitoring
Older patients need careful monitoring during and after anes-
thesia. The significant incidence of cardiovascular disease
requires careful vigilance for ischemia and arrhythmias, and a
five-lead ECG may offer more information than a basic three-
lead ECG monitor. Similarly, elderly patients are at increased
risk for hypoxemia, and continuousmonitoring of oxygen satu-
ration should be accompanied by end-tidal CO2 monitoring for
ventilation, even during simplemonitored anesthesia cases.The
ability to compensate for hemodynamic fluctuations is impaired
in older patients, and an arterial linemay be very useful for con-
tinuous monitoring. In general, more aggressive use of invasive
monitoring should be considered.

Thermoregulation
Hypothermia is both more common and less well tolerated in
the older frail patient. The normal thermoregulatory response
to cold stress involves peripheral vasoconstriction, shivering,
and eventual activation of brown fat metabolism. These mech-
anisms may be impaired in the elderly. The major age-related
changes that predispose the elderly patient to hypothermia are
a steady decline in basal metabolic rate, leading to reduced
heat production, and a parallel increase in heat loss. Adverse
effects fromhypothermia include an increase in blood loss from
platelet dysfunction and coagulopathies, myocardial ischemia,
and poor wound healing. Active warming of the older patent
should be performed both within the operating room and in
the postoperative period.

Postoperative recovery
Some of the common problems facing the elderly during
recovery are respiratory depression, delayed awakening from
anesthesia, postoperative delirium, and inadequate pain man-
agement. Postoperative respiratory insufficiency is a common
problem seen in the elderly and frequently is the result of resid-
ual effects of medications used intraoperatively. With advanced
age, the respiratory response to hypoxia and hypercarbia is
decreased, and this is exaggerated further by intraoperative use
of opioids. Respiratory effort frequently is insufficient in frail
older patients with weakened thoracic musculature, and the
ability to cough and clear secretions is diminished.This predis-
poses patients to aspiration, atelectasis, and pneumonia. Linger-
ing effects of anesthetics also increase postoperative respiratory
insufficiency.

The accurate assessment of pain in the elderly may be
difficult because of sedation, dementia, confusion, and delir-
ium, which may result in under-treatment of pain. Regional
techniques may be advantageous, minimizing the need for
parenteral opioids. Nonopioid pain medications, such as the

�2-agonists (gabapentin) and acetaminophen, may be useful
adjuncts and help reduce the dose of opioids. When opioids
are used, careful monitoring and potentially reduced dosing
should be considered. Patient-controlled analgesia offers sig-
nificant advantages in the cognitively intact elderly patient. In
more impaired patients, continual pain assessment and treat-
ment are important.
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Chapter

12 Neurologic diseases and anesthesia
Spiro G. Spanakis, John Lin, and Pankaj K. Sikka

Patients with neurologic disease require special consideration
and preparation in the perioperative period. Preoperatively, the
current status of the patient’s disease must be assessed and
optimized, if possible. Medications should be reviewed and
a plan established for their administration or discontinuation
in the perioperative period. Regional anesthesia may be used
in patients with certain neurologic diseases, but in others it
may exacerbate their disease or be contraindicated. Consent for
surgery and anesthesia may need to be obtained from a health
care proxy if associated cognitive impairment is present.

Intraoperatively, a plan for neuromuscular blockade for
endotracheal intubation and maintenance must be estab-
lished. Patients with neurologic disease may exhibit an atypical
response to nondepolarizing and depolarizing muscular block-
ers. Outward manifestations of neurologic disease may include
motor and sensory deficits, but autonomic dysfunction also
may be present.

Postoperatively, patients may exhibit impaired respiratory
function leading to respiratory insufficiency in the recovery
room, an exacerbation of their sensory or motor symptoms, or
impaired cognitive function that may interfere with recovery
from anesthesia.

Cerebrovascular disease
Cerebrovascular disease is usually manifested as transient
ischemic attacks (TIAs) or stroke. TIAs are defined as facial or
extremity weakness and speech problems lasting �24 hours.
Patients with TIAs should undergo further neurologic evalua-
tion, because they are prone to developing stroke. Presence of
a carotid bruit may or may not be associated with significant
carotid disease. Following a stroke, elective surgery should be
deferred for at least 2 to 3months, to allow resolution of regional
blood flow abnormalities and CO2 responsiveness.

Preoperatively, patients with stroke should undergo detailed
neurologic and cardiac evaluation. Strokes may be thrombotic,
embolic, or hemorrhagic. Thrombotic strokes usually occur
in elderly patients with coronary artery disease (atherosclero-
sis), hypertension, or diabetes mellitus. Embolic (air, calcium
debris, fat, fibrin) strokes usually are associated with valvular
heart surgery. Hemorrhagic strokes are the result of intracranial
hemorrhage due to hypertension, cerebral aneurysm rupture,
or arteriovenous malformation. Patients (except those with

hemorrhagic strokes) are usually onwarfarin, aspirin, or dipyri-
damole therapy. These drugs may need to be stopped preoper-
atively.

Intraoperatively, patients with stroke should have a smooth
induction with avoidance of succinylcholine, as denervation of
the muscles may lead to a hyperkalemic response. Blood pres-
sure should bemaintained at a level higher than normal because
of the rightward shift of cerebral autoregulation. Neuromus-
cular blockade should be monitored on the normal extremity,
as the affected extremity may show an exaggerated response
to nerve stimuli and thus an underestimation of the degree of
blockade.

Use of shorter-acting anesthetic agents may be beneficial
for faster recovery and assessment of neurologic function post-
operatively. Adequate pain and blood pressure control and
avoidance of hyperglycemia should be the goal. Risk of post-
operative stroke for nonneurologic surgery is estimated to be
about 0.25%. Risk of stroke is higher in patients undergoing
neurologic and cardiovascular surgery and those with pro-
longed hypotension or hypertension. Hypotension may result
in cerebral hypoperfusion, which may cause thrombosis and
infarction. Sustained hypertension may disrupt the blood–
brain barrier and cause intracranial hemorrhage.

Seizure disorders
Seizures are either idiopathic or the result of a central nervous
system disorder. Recurrent paroxysmal seizures are termed
epilepsy. Seizures occur because of abnormal brain electrical
activity and may result from decreased inhibitory neurotrans-
mitter activity (� -aminobutyric acid), increased excitatory neu-
rotransmitter activity (glutamic acid), or increased neuronal
firing.

Seizure activity may be focal or generalized in the brain.
Seizures may be classified as generalized (grand mal or tonic–
clonic), petit mal (staring or repeated blinking of the eyes), or
partial (simple or complex to varying degrees). Tonic–clonic
seizures are characterized by tonic motor activity (30 seconds),
followed by a clonic (jerking) phase, with orwithout loss of con-
sciousness.When accompaniedwith loss of consciousness, they
are termed grand mal seizures. Status epilepticus is defined as
two consecutive tonic–clonic seizures without regaining con-
sciousness, or seizure activity for 30 minutes or longer.
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Patients presenting for surgery with a history of seizures
should be asked about the type of seizures they have, medica-
tions they are taking, and the frequency of seizures. Seizures, if
not idiopathic, may occur as a result of head injury, stroke, cra-
nial tumors, metabolic abnormalities (hypoglycemia, uremia),
or drug toxicity. Antiseizure medications should be continued
until surgery, and may even have to be supplemented intra-
operatively.

Intraoperatively, antiseizuremedications decrease the dura-
tion of neuromuscular blockade. Antiseizuremedications cause
hepatic microsomal enzyme induction. Potentially epilep-
togenic medications such as enflurane, methohexital, and
ketamine should be avoided. It is important to remember that
atracurium is metabolized to laudanosine, and meperidine to
normeperidine, which have epileptogenic potential.

Postoperatively, antiseizuremedications should be restarted
as soon as possible. Seizures are more likely to occur during
the postoperative period. Grand mal seizures should be treated
aggressively. Management includes maintaining the airway to
prevent hypoxia and administering intravenous drugs such as
midazolam (2–5 mg), diazepam (5–10 mg), thiopental (75–
125 mg), or propofol (50–75 mg) to control the seizure. Pheny-
toin (500–1000 mg) is often administered for prevention of
additional seizures.

Autonomic dysfunction
Autonomic dysfunction is usually seen in disorders of the
central or peripheral nervous system, such as diabetes melli-
tus, chronic alcoholism, multiple sclerosis, syringomyelia, and
spinal cord injury. Common manifestations of autonomic dys-
function are summarized in Table 12.1.

Intraoperatively, these patients manifest hypotension,
which may cause coronary and cerebral hypoperfusion. Vaso-
dilatory effects of general anesthetic agents and epidural and
spinal anesthesia are poorly tolerated. Patients with severe
hemodynamic instability should be observed with invasive
arterial blood pressure monitoring. These patients are usually
hypovolemic and tolerate blood loss poorly. Management
consists of treatment of hypotension, preferably with direct-
acting vasopressors; fluid administration; and maintenance of
normothermia.

Alzheimer’s disease
Alzheimer’s disease is characterized by irreversible impair-
ment of cognitive function, memory disturbances, and dif-
ficulty maintaining and sustaining attention. Progressive

Table 12.1. Common manifestations of autonomic dysfunction

Orthostatic hypotension
Bladder dysfunction
Gastrointestinal dysfunction
Lacrimation and salivation
Decreased sweating

degeneration of cholinergic neurons in the cortex, amygdala,
and hippocampus results in marked cortical atrophy. Patients
also may experience gait and motor disturbances, seizures, or
myoclonus, eventually leading to apraxia and aphasia later in
the disease course.

Outpatient pharmacologic therapy of the disease is aimed
at slowing disease progression and delaying the onset of symp-
toms and apraxia. Tacrine, donepezil, and rivastigmine are
cholinesterase inhibitors used to treat the disease and should
be continued in the perioperative period. Tacrine induces
down-regulation of postsynaptic acetylcholine receptors, and
patients may exhibit altered responses to nondepolarizing
blocking agents. Donepezil blocks acetylcholine hydrolysis and
therefore exaggerate depolarizing blockade by succinycholine.
Anticholinergics (except glycopyrrolate, which does not cross
the blood–brain barrier) may exacerbate symptoms in the
postoperative period, giving rise to confusion and cognitive
dysfunction.

Preoperatively, patients may be disoriented and uncooper-
ative, so a health care proxy should give consent for all proce-
dures. Regional anesthesia may be used only if the patient can
remain cooperative. Premedication should be minimized and
short-acting agents used when possible for sedation and anal-
gesia.

Recent research shows that general anesthetics induce long-
lasting neurotoxicity (at the molecular level) and cognitive dys-
function in animal models. For example, desflurane increases
�-amyloid production in human neuroglioma cells. �-amyloid
plaques have been implicated in the pathogenesis ofAlzheimer’s
disease; however, the implications of these studies for clinical
practice have yet to be determined.

Parkinson’s disease
Parkinson’s disease affects individuals between the ages of 50
and 70 years and is an important cause of perioperative mor-
bidity. Apoptosis of the dopaminergic neurons in the substantia
nigra of the basal ganglia gives rise to thalamic and brainstem
nuclei inhibition, resulting in suppression of the motor cor-
tex. Excessive thalamic inhibition results in suppression of the
cortical motor system, leading to akinesia, cogwheel rigidity,
and tremor, whereas inhibition of brainstem locomotor areas
contributes to abnormalities of posture and gait. Intellectual
function is preserved early in the disease course.

Three classes of drugs are used to treat Parkinson’s dis-
ease; they provide symptomatic relief because no cure exists.
Dopamine agonists include bromocriptine, pergolide, ropini-
role, pramipexole, and cabergoline. Levodopa (a metabolic
precursor of dopamine) administered with carbidopa (which
inhibits peripheral breakdown of dopamine) also is commonly
used. Early use may be associated with a quicker onset of
bradykinesia, so therapy sometimes is delayed in the disease
course. The type B monoamine oxidase inhibitor selegiline,
which prolongs the action of dopamine in the striatum, also
may be used.
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Autonomic instability manifesting as hypotension or hyper-
tension may be related to treatment with levodopa or may be
a result of the disease process itself. Other side effects of lev-
odopa therapy include orthostatic hypotension, cardiac irri-
tability, and nausea and vomiting. Dopamine agonists also may
precipitate hypotension. Drug interactions with meperidine,
serotonergic drugs, and catecholamines also must be consid-
ered in any patient on monoamine oxidase inhibitors. Anti-
cholinergic drugs and antihistamines may be used during acute
exacerbation of symptoms.

Preoperatively, a thorough history and physical examina-
tion should be performed, focusing on specific areas com-
monly affected by Parkinson’s disease. A history of orthostatic
hypotension, cardiac arrhythmias, hypotension, hypertension,
autonomic dysfunction, and impaired temperature regulation
should be identified. Existing respiratory impairment should be
assessed, along with a history of pharyngeal muscle dysfunc-
tion and dysphagia and the degree of muscle rigidity. History
of gastrointestinal reflux and nutritional and mental status also
should be assessed (Table 12.2).

Medications should be continued until the day of surgery,
but the side effects must be appreciated during the adminis-
tration of anesthesia. Because the half-life of levodopa is short
(1–3 hours), interruption of therapy may result in severe mus-
cle rigidity that interferes with ventilation or in the develop-
ment of parkinsonism hyperpyrexia syndrome, which is the
result of an acute suppression of central dopaminergic activity.
Intravenous levodopa has been used during the perioperative
period, although it may result in side effects such as hyperten-
sion, hypotension, and dysrhythmias. Also, a rapid sequence
induction may be indicated in patients with delayed gastric
emptying, who are at increased risk for pulmonary aspiration.

Table 12.2. Assessment of the patient with Parkinson’s disease

System Assessment by history

Head and neck Pharyngeal muscle dysfunction
Dysphagia
Sialorrhea
Blepharospasm

Respiratory Respiratory impairment from rigidity or
bradykinesia

Cardiovascular Orthostatic hypotension
Cardiac arrhythmias
Hypertension
Hypovolemia
Autonomic dysfunction

Gastrointestinal Weight loss
Poor nutrition
Susceptibility to reflux

Urologic Difficulty in micturition

Endocrine Abnormal glucose metabolism (selegiline)

Central nervous system Muscle rigidity, akinesia, tremor, confusion,
depression, hallucination, speech impairment

Adapted from Rudra A, Rudra P, Chatterjee S. Parkinson’s disease and
anaesthesia. Indian J Anaesth 2007; 51(5):382–388.

Table 12.3. Neurologic disease and neuromuscular blocking agents

Disease

Depolarizing
neuromuscular
blockade

Nondepolarizing
neuromuscular
blockade

Alzheimer’s disease No disease-related
contraindication

Prolonged effect in
patients on donepezil
receiving atracurium

Parkinson’s disease Single case report of
hyperkalemia

No disease-related
contraindication or
altered response

Huntington’s disease Decreased plasma
cholinesterase may lead
to prolonged response

Increased sensitivity

ALS Vulnerable to
hyperkalemia after
administration

Prolonged response

MS Avoid if paresis or
paralysis is present

Prolonged response
possible

GBS Contraindicated Prolonged response
possible

Neurofibromatosis Increased sensitivity Increased sensitivity

Dopamine antagonists such as metoclopramide, pheno-
thiazines, and butyrophenones should not be given, because
they may cause extrapyramidal symptoms. Because Parkinson’s
disease may result in autonomic insufficiency, hemodynamic
instability and altered response to vasopressors sometimes are
seen during anesthesia. Patients with Parkinson’s disease exhibit
a normal response to nondepolarizing muscle blockade. There
is only an isolated report in the literature of hyperkalemia
following succinylcholine administration, although other fac-
tors probably contributed to the incident. Alterations in the
response to neuromuscular blocking agents in neurologic dis-
eases are summarized in Table 12.3.

There are no reports of adverse responses tomodern inhala-
tional gases such as isoflurane, sevoflurane, and desflurane.
Ketamine has been reported to potentiate sympathomimetic
properties of levodopa, whereas morphine, alfentanil, and fen-
tanyl have been reported to exacerbatemuscle rigidity. Regional
anesthesia may have some potential advantages over general
anesthesia, such as avoidance of neuromuscular blockers and
manipulation of the airway. No data from randomized con-
trolled trials exist that can point to the best anesthetic tech-
nique. During the postoperative period, these patients are
susceptible to symptom exacerbation, aspiration, respiratory
failure, and mental confusion.

Huntington’s disease
Huntington’s disease is an autosomal dominant disease char-
acterized by the triad of choreiform movements, progressive
dementia, and personality changes, with an onset age of 35 to
40 years. The mechanism of the disease involves marked atro-
phy of the basal ganglia, particularly the caudate nucleus and
globus pallidus.
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There is no cure for the disease, and treatment is symp-
tomatic. Haloperidol is used to decrease choreoathetoid move-
ments by nonselectively antagonizing dopamine receptors.
Fluphenazine also may relieve chorea, hallucinations, and
delusions.

Preoperatively, the history and physical examination should
focus on symptoms of dysphagia, because pharyngeal muscle
dysfunction, common in this disease, increases the risk of aspi-
ration in the perioperative period. Dysphagia also leads to mal-
nutrition and cachexia.

Sodium thiopental has been implicated in prolonged apnea
in afflicted patients if used at dosages �3 to 5mg/kg. Decreased
plasma cholinesterase levels may lead to a prolonged response
after succinylcholine administration. These patients also may
exhibit prolonged responses to nondepolarizing muscle relax-
ants.

Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS) is a degenerative disease of
the motor ganglia in the anterior horn of the spinal cord and
the spinal pyramidal tracts, resulting in upper and lower motor
neuron dysfunction.Weakness and atrophy of respiratory mus-
cles eventually result in respiratory failure and death.

Preoperatively, the severity of the disease may be assessed
by spirometry. Patients with ALS exhibit reduced vital capacity
with adequate gas exchange until late in the course of the dis-
ease. These effects are exacerbated further by general anesthe-
sia. Successful epidural analgesia has been described in these
patients, whereas there have been reports of neurologic seque-
lae in patients receiving spinal anesthesia.

Patients with ALS exhibit a prolonged response to non-
depolarizing muscular blockade. Depolarizing agents induce
hyperkalemia and therefore should be avoided. Bulbar involve-
ment may occur, with resulting dysphagia and increased risk
of pulmonary aspiration. Autonomic dysfunction also may be
present, giving rise to orthostatic hypotension and a resting
tachycardia.

Multiple sclerosis
Multiple sclerosis (MS) is an autoimmune disorder character-
ized by a progressive demyelination of the brain and spinal cord.
Women are affected twice as often as men, with an onset of
disease between the ages of 20 and 40 years. There are several
categories of the disease, the most common being relapsing–
remitting MS, eventually resulting in gradual neurologic dete-
rioration.

Exacerbations of MS are characterized by paresthesias,
visual problems, and motor weakness. Visual disturbances
result fromoptic neuritis and diplopia.Only symptomatic treat-
ment is available with a variety of drug classes, including cor-
ticosteroids, used for acute relapses. History of steroid use
should be obtained in the preoperative evaluation, because
patients may have received high doses for an extended period,
resulting in adrenal insufficiency later. Other drugs used in-

clude interferon-�, glatiramer acetate, intravenous immuno-
globulin, methotrexate, and cyclophosphamide.

Patients with MS exhibit varied responses to general anes-
thesia. An exacerbation of their symptoms may be expected in
the postoperative period in general. When indicated, periph-
eral nerve blocks and epidural anesthesia may be used, spinal
anesthesia is somewhat controversial, with limited evidence
of either safety or harm. Autonomic dysfunction also may be
present late in the disease. If paresis or paralysis is present,
depolarizing muscle blockade should be avoided. Patients with
MS may exhibit a prolonged response to depolarizing neuro-
muscular blockade and should be monitored if these drugs are
administered to them. Intraoperatively, hyperthermia should
be avoided because it may exacerbate symptoms.

Guillain-Barré syndrome
Guillain-Barré syndrome (GBS), an acute demyelinating
polyneuropathy, usually occurs after a viral illness, resulting
in ascending motor paralysis. Bulbar involvement may occur,
resulting in respiratory failure requiring ventilatory support
in an otherwise healthy person. GBS also may present in
pregnancy.

GBS associated with pregnancy results in an increased need
for ventilatory support and an increased risk of maternal mor-
tality. Regional anesthesia has been used for labor butmay exac-
erbate neurologic symptoms.This risk must be weighed against
the risks of general anesthesia in pregnant patients.

Neurofibromatosis
Neurofibromatosis is a progressive autosomal dominant dis-
order involving multiple organ systems. The airway may be
compromised if neurofibromas are present in the cervical,
laryngeal, or mediastinal regions. Intracranial tumors may be
the presenting diagnosis in the perioperative period. Intellec-
tual function also is compromisedwith disease progression.The
endocrine system may be involved, and patients may present
with pheochromocytomas, carcinoid tumors, medullary thy-
roid carcinoma, or hyperparathyroidism. Spinal neurofibromas
may complicate or contraindicate spinal anesthesia.

Syringomyelia
Syringomyelia is thought to occur as the result of obstruction of
the cerebrospinal fluid outflow from the fourth ventricle. The
increased pressure causes dilation and cavitation of the spinal
cord, leading to neurologic symptoms. Most commonly, the
cervical spine is affected, causing sensory and motor deficits
in the upper extremities. Associated craniovertebral anomalies,
including Arnold-Chiari malformation and thoracic scoliosis,
are common.

These patients typically present to the operating room for
decompressive procedures, including ventricular–peritoneal
shunting. Respiratory function should be assessed preopera-
tively and any neurologic deficits documented. Patients may
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have increased sensitivity to neuromuscular blocking drugs
because of the presence of muscle wasting.

Autonomic hyperreflexia
Autonomic hyperreflexia is a reaction caused by hyperstimula-
tion of the autonomic nervous system. In the United States, the
reported prevalence of this syndrome in individuals with spinal
cord injuries at theT6 level and above is 48% to 90%.Although it
commonly occurs in patientswith spinal cord injuries aboveT6,
patients with a spinal cord injury at T6 through T10 alsomay be
susceptible. Autonomic hyperreflexia syndrome is manifested
by systemic hypertension, bradycardia, sweating, and flushing
of the skin. If not treated promptly, it may lead to seizures,
stroke, myocardial infarction, and death.

Causes and triggering factors
The most common cause of autonomic hyperreflexia is spinal
cord injury above the T6 level. Other causes include effects of
cocaine and amphetamines, GBS, and severe head trauma.

Distention of a hollow viscus such as the rectum or bladder
is the most common triggering stimulus (Table 12.4). However,
the reflex may occur from any endogenous or exogenous stim-
ulus occurring below the level of the cord lesion. Tactile or ther-
mal skin stimulation, decubitus ulcers, labor contractions, and
urinary tract infections also have been reported precipitants of
this syndrome. Although most incidences occur in the operat-
ing room, it is important for the anesthesiologist to consider
other causes in the postoperative period following recovery
from regional or general anesthesia. The differential diagnosis
of autonomic hyperreflexia also includes carcinoid syndrome,
thyroid storm, neuroleptic malignant syndrome, pheochromo-
cytoma. and toxemia of pregnancy.

Symptoms and signs
Autonomic hyperreflexia is seen only after resolution of spinal
shock (loss of sensation and reflexes below the level of injury,
flaccid paralysis) and return of spinal cord reflexes. This period
of “postacute spinal cord injury” begins approximately 1 to 3
weeks after initial injury and remains for the duration of the
patient’s life. Symptoms of autonomic hyperreflexia often are
divided between symptoms seen above versus below the level
of spinal cord transection (Table 12.5).

In addition, some patients may experience difficulty
breathing, changes in body temperature, and muscle spasms.

Table 12.4. Triggering factors of autonomic hyperreflexia – below the
level of injury

Bladder distention (most common) – blockage of urinary catheter, infection,
stones

Bowel distention – constipation, gas, digital stimulation, anal fissures
Pregnancy – labor and delivery
Miscellaneous – skin irritants, wounds, burns, appendicitis and other

infections

Table 12.5. Symptoms and signs of autonomic hyperreflexia

Above the lesion Below the lesion

Bradycardia (vagal stimulation) Hypertension (severe)
Nasal stuffiness Mesenteric ischemia, abdominal pain
Cutaneous flushing Cold skin, vasoconstriction
Headache, blurred vision, seizures,

aphasia
Acute renal failure

Cerebral and retinal hemorrhage
Dysrhythmias, pulmonary edema

Associatedmorbidity includes cerebral and subarachnoid hem-
orrhage, retinal hemorrhage, seizures, and pulmonary edema
secondary to left ventricular failure. Spinal cord lesions at or
above T6 generally result in intense manifestation of the syn-
drome, whereas lesions between T6 and T10 result in mildly
elevated blood pressure with few other associated symptoms.
Lesions below T10 generally do not result in hypertensive
changes with compensatory reflex responses. Systolic blood
pressure elevations �15 to 20 mm Hg above baseline in adults
or children with spinal cord injuries may be significant enough
to warrant consideration of autonomic hyperreflexia syndrome.

Pathophysiology of the reflex
Cutaneous sensory endings, as well as mucosal and muscle
afferent pathways of hollow organs, ascend in the spinothala-
mic tracts and dorsal columns.Motor outflow reflexes occur via
sympathetic inputs in the spinal cord lateral horns, which target
blood vessels and viscera. In patients without spinal cord injury,
this reflex is normally inhibited by outflow from higher cen-
tral nervous system centers. However, in the presence of spinal
cord transection, this inhibitory outflow fails to reach back to
the effector organs innervated by spinal cord roots below the
level of transection. Essentially, the sympathetic nervous sys-
tem below the level of spinal cord injury becomes functionally
isolated from all inhibiting (parasympathetic) influences of the
brainstem and hypothalamus (Fig. 12.1).

Stimulation below the level of spinal cord injury elicits a
vasoconstrictive response in the splanchnic sympathetic out-
flow (T5–L2). The carotid and aortic arch sinus baroreceptors
detect this intense hypertension. As expected, a reflex brady-
cardia via the intact cranial nerve X (vagus) pathway ensues.
In addition, the stimulation of afferent pathways (sympathetic)
from these receptors to the vasomotor center in the medulla
results in vasodilation (parasympathetic) above the level of cord
injury. This vasodilation may help to correct the hypertension
elicited by the sympathetic outflow; but in patients exhibiting
autonomic hyperreflexia, this compensatory response is inad-
equate and systemic hypertension with associated symptoms
persists.

Prevention and treatment
Preventivemeasurements are important considerations inman-
aging patients with the potential for developing autonomic
hyperreflexia. Application of topical anesthesia to the bladder
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Figure 12.1. The autonomic reflex arc.

or rectal mucosa may be helpful in patients undergoing blad-
der or rectal instrumentation. Unfortunately, this technique
is unreliable because the underlying muscular layer proprio-
ceptors are not anesthetized. Spinal anesthesia (preferable) or
epidural anesthesia is a reliable technique for preventing auto-
nomic hyperreflexia during surgical operations of the lower
abdomen, pelvis, and lower extremities. Alternatively, general
anesthesia may be used if spinal or epidural anesthesia is not
indicated, to prevent autonomic hyperactivity in these types of
surgeries. It is important to remember that administration of
succinylcholine ≥24 hours after spinal cord transection may

cause hyperkalemia. Injuries to the phrenic nerve or diaphrag-
matic innervation (C3–5) may require endotracheal intuba-
tion and ventilatory support. Maintenance of body temperature
is of primary importance in patients with spinal cord tran-
section. Because of immobility, patients with chronic spinal
cord transection may developmuscle atrophy, decubitus ulcers,
osteoporosis, deep vein thrombosis, or chronic urinary tract
infections, with renal failure being the most common cause of
death.

Among pregnant patients with spinal cord lesions above T6,
the risk of developing autonomic hyperreflexia is about 80% to
90%, especially during labor. Autonomic hyperreflexia can be
prevented in pregnant patients during childbirth by using spinal
or epidural anesthesia. It is important to differentiate autonomic
hyperreflexia (hypertension may occur with uterine contrac-
tions) from preeclampsia of pregnancy.

Removal of the inciting stimulus is important in terminat-
ing the reflex. This may be all that is needed for the reflex to
subside. If the suspected cause is urinary blockage, the catheter
should be checked for any kinks or blockage. Pharmacologic
treatment of hypertension includes drugs such as sodiumnitro-
prusside, nitroglycerin, nifedipine, hydralazine, and prazosin or
clonidine for recurrent or chronic episodes. Bradycardia may
be treated with anticholinergics. Men with spinal cord injuries
and erectile dysfunction should be questioned about the use of
sildenafil, as profound hypotension may occur with the admin-
istration of nitrates.
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Chapter

13 Anesthetic considerations in psychiatric diseases
Houman Amirfarzan and Pankaj K. Sikka

Each year, about 44 million people in the United States expe-
rience a mood or psychological disorder ranging from mild to
severe mental illness. Patients on medications often present for
surgery; therefore, it is important for the anesthesiologist to be
aware of any drug interactions that may occur perioperatively.

Mood disorders
The Diagnostic and Statistical Manual of Mental Disorders, 4th
edition (DSM-IV), divides mood disorders into the following
categories: major depression, bipolar I, bipolar II, dysthymic,
cyclothymic, disorders due to generalmedical conditions, those
due to substance abuse, and depressive, bipolar, and mood dis-
orders not otherwise specified.

Depression
Depression is characterized by persistent depressed mood, loss
of interest, sleep disorder, fatigue, difficulty concentrating, and
recurrent thoughts of death or suicide. Symptoms should cause
significant impairment and not be the result of substances or
bereavement.The exact mechanism of depression is not known
but is believed to be the result of deficiency of catecholamines
(dopamine [D2], serotonin, or norepinephrine [NE]) in the
brain. Therefore, pharmacologic treatment is directed toward
increasing the concentrations of these catecholamines in the
brain (Fig. 13.1). Electroconvulsive therapy (discussed in Chap-
ter 96) is reserved for severe depression, refractory cases, or
depression with suicidal ideation.

Brain catecholamine concentration may be increased by
inhibiting (1) the reuptake of the catecholamines back into
the cell (reuptake inhibitors) or (2) catecholamine metabolism,
by inhibiting the enzyme monoamine oxidase. Commonly
used drugs are the selective serotonin reuptake inhibitors
(SSRIs), tricyclic antidepressants (TCAs), monoamine oxidase
inhibitors (MAOIs), and miscellaneous other drugs.

The first line of treatment for major depressive disorder is a
regimen consisting of antidepressant drugs, with fourmain cat-
egories: TCAs, MAOIs, serotonin–NE reuptake inhibitors, and
one heterogenous group not otherwise classified. Mood stabi-
lizers often are also part of the drug regimen. Because MAO is
an enzyme promoting the breakdown of NE, MAOIs indirectly
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Figure 13.1. Mechanism of action of antidepressants.
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Table 13.1. Side effects of SSRIs

Agitation Anxiety, sweating
Headache Nausea
Insomnia Restlessness
Appetite suppression Inhibition of cytochrome P-450

increase NE in the brain. Similarly, SSRIs indirectly increase
brain serotonin levels. Mood is critically dependent on the neu-
rotransmitters NE, D2, and serotonin. Trials with antidepres-
sants may take more than 3 to 4 weeks to identify the drug with
the best results, but reliable predictors for its success are not
available.

Selective serotonin reuptake inhibitors
Fluoxetine was the first SSRI released in the United States.
Between 1987 and 1994, it was prescribed for more than 10
million people, making it the second most widely prescribed
medication in the United States. SSRI agents currently available
include fluoxetine (Prozac; Eli Lilly, Indianapolis, IN), parox-
etine (Paxil; Pfizer, New York, NY), sertraline (Zoloft; Pfizer),
citalopram (Celexa; Forest Pharmaceuticals, St. Louis, MO),
and fluvoxamine (Luvox; Jazz Pharmaceuticals, Palo Alto, CA).
Their relatively mild side effect profile and once-daily dosing
schedule make them a safe and convenient alternative to the
TCAs and MAOIs. SSRIs have low sedative and anticholinergic
properties, do not cause postural hypotension or cardiac con-
duction defects, and have a very low risk of death fromoverdose
comparedwith the TCAs. SSRIs are activating (stimulating) and
therefore are taken during the day. Their side effects are listed
in Table 13.1.

Fluoxetine and paroxetine may inhibit the activity of the
cytochrome P-450 enzyme and so have a greater potential than
other SSRIs for interaction with other drugs. Sertraline and
citalopram only mildly inhibit this enzyme and hence have a
lower likelihood of interactions with coadministered medica-
tions. In addition, paroxetine has a mild affinity for muscarinic
receptors and may cause more anticholinergic side effects than
other SSRIs (although much less than the TCAs).

Tricyclic antidepressants
TCAs are used to treat depression and chronic pain syn-
dromes. They inhibit the reuptake of catecholamines in gen-
eral, thus increasing their concentration in the nerve synapses
and brain. Commonly used TCAs include amitriptyline (Elavil;
AstraZeneca, Wilmington, DE, and Laroxyl; Roche, Nutley,
NJ), doxepin (Sinequan; Pfizer), desipramine, nortriptyline
(Aventyl; Eli Lilly), and imipramine (Tofranil; Mallinckrodt
Inc., Hazelwood, MO). It is important to remember that an
increase in catecholamine activity may increase the minimum
alveolar concentration (MAC) of inhalation anesthestics.

The most common side effects of TCAs are anticholiner-
gic effects, as listed in Table 13.2. Amitriptyline has the most
marked anticholinergic effects, whereas doxepin has the fewest

Table 13.2. Side effects of TCAs

Anticholinergic – dry mouth,
blurred vision, constipation,
urinary retention, tachycardia,
confusion, delirium

Cardiac – prolonged PR and QT
intervals, wide QRS complexes,
arrhythmias, sudden cardiac
death

Sedation (decreases MAC), weight
gain

Postural hypotension

Hypertensive response Sexual dysfunction

cardiac effects. The elderly are particularly susceptible to mem-
ory impairment, confusion, and hallucinations. Sedation and
weight gain may result from concomitant blockade of his-
tamine H1 receptors, and orthostatic hypotension may occur
from blockade of �1-receptors. Atropine and glycopyrrolate
have been noted to have increased muscarinic activity in the
presence of TCAs.

Compared with normal patients, a decrease in intraoper-
ative core temperature and an increased incidence of shiver-
ing have been observed in patients taking TCAs. The most
important interaction between anesthetic agents and TCAs
is an exaggerated response to indirect-acting vasopressors
and sympathetic stimulation (hypertensive crisis). Adminis-
tration of ketamine, meperidine, pancuronium, ephedrine, or
epinephrine-containing local anesthetic solutions should be
done with caution. Management consists of treating the hyper-
tension emergently with a drug such as phentolamine or nitro-
prusside.

Monoamine oxidase inhibitors
Catecholamines are metabolized by the enzyme MAO. Hence,
MAO inhibitors increase the availability of catecholamines in
the nerve synapses. Two common isoforms of theMAOenzyme
are the type A (selective for serotonin, NE) and type B (selec-
tive for phenylethylamine) isoforms. MAOIs often are not used
for treatment because of their potential to precipitate enhanced
sympathetic activity and severe hypertension (hypertensive cri-
sis) with the concomitant ingestion of tyramine-containing
foods (aged cheeses, beer, champagne, soy sauce, avocados,
bananas, overripe or spoiled food, and any fermented, smoked,
or aged fish or meat). The hypertensive reaction is dose-
dependent and may be exacerbated if the patient is also tak-
ing a sympathomimetic drug. In the past, it was suggested that
MAOIs be discontinued 2 to 3 weeks before any elective proce-
dure involving general anesthesia. This precaution is no longer
encouraged or practical for many procedures, because discon-
tinuation of the drug may acutely place the patients at a greater
risk for depression or suicide. MAOIs for clinical use include
phenelzine, isocarboxazid, and tranylcypromine.

Miscellaneous drugs
Venlafaxine (Effexor; Pfizer), bupropion (Wellbutrin; Glaxo-
SmithKline, Research Triangle Park, NC), and duloxetine
(Cymbalta; Eli Lilly) have been shown to reduce neuropathic
pain; therefore, they are preferred in treating depressed patients
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Table 13.3. Potential interaction with drugs used in anesthesia

Class Interacting drugs Response

TCAs and MAOIs Ephedrine, NE, epinephrine Exaggerated pressor
responses

Halothane Cardiac arrhythmias
Meperidine Hyperthermia, coma,

seizures
Atropine, scopolamine Mental confusion

Lithium carbonate Neuromuscular blocking
drugs

Prolonged action

with chronic pain, to alleviate both the pain symptoms and treat
the underlying depression. These drugs also are used to treat
depression in patients who do not respond to typical antide-
pressant drugs. St. John’s wort is an herbal product used for
treating depression. Studies in the United States do not sup-
port its efficacy in the treatment of severe depression. The side
effect profile of St. John’s wort is extensive, but the main con-
cern for anesthesiologists is the similarity this drug bears to
theMAOIs in their potential for precipitating hypertension and
hyperpyrexia. Concomitant use with SSRIs may lead to a form
of “serotonin syndrome,” characterized by agitation, hyper-
thermia, diaphoresis, tachycardia, and neuromuscular rigidity.
In summary, detailed information on antidepressant drugs is
important because they are widely prescribed and have interac-
tions with drugs used in anesthesia. Table 13.3 shows potential
interactions of antidepressant drugs with drugs used in anes-
thesia.

Bipolar disorder
The true prevalence of bipolar disorder (alternate periods of
mania [elation] and depression) is uncertain; the diagnosis
likely ismissedwhen patients are seen for depression but are not
asked specifically about symptoms suggesting prior episodes of
mania or hypomania. Bipolar disorders are divided into types I
and II, the former characterized by at least one manic or mixed
episode, the latter by at least one hypomanic episode (lower
severity than mania) and major depressive episodes. A mixed
episode is defined as one that fits the criteria for both major
depressive andmanic episodes for 1week.Mania is treatedmost
effectively by administration of lithium (orally), carbamazepine
(especially in lithium-refractory patients), and atypical anti-
psychotics.

Lithium
Despite its efficacy in the treatment of mania, lithium has a
very narrow therapeutic index. The plasma level of lithium
must bemonitored routinely and perioperatively. A serum con-
centration of 0.6 to 0.8 mEq/L is considered therapeutic for
the treatment of stable mania. Slightly higher levels, up to 1.2
mEq/L, are acceptable for treating acute episodes. Levels �2.0
mEq/L are considered toxic and require withdrawal of the drug
and aggressive hydration with sodium-containing solutions or
administration of osmotic diuretics, such as mannitol. Lithium

Table 13.4. Manifestations of lithium toxicity

System Effects
Central nervous Confusion, sedation (decreases MAC), muscle

weakness (prolongs muscular blockade), ataxia,
tremors, slurred speech, seizures

Cardiovascular Widening of QRS complexes, AV heart block,
hypotension

Endocrine Hypothyroidism
Hematologic Leukocytosis, aplastic anemia
Renal Nephrogenic diabetes insipidus, tubular acidosis
Gastrointestinal Nausea, vomiting, abdominal pain

AV, atrioventricular.

alters sodium transport across cell membranes by inhibiting
the sodium–potassium pump, thus inhibiting the intracellular
formation of cyclic adenosine monophosphate. Lithium toxic-
ity (Table 13.4) is compounded by sodium depletion, and con-
current use of diuretics that inhibit the uptake of sodium in
the renal tubule (loop diuretics and thiazides) is hazardous and
should be avoided. Lithium also inhibits the action of antidi-
uretic hormone on the distal renal tubule, leading to nephro-
genic diabetes insipidus in severe cases of lithium toxicity.
Lithium can prolong the action of neuromuscular blocking
agents.

Atypical antipsychotics
The term atypical refers to an antipsychotic medication that
produces minimal extrapyramidal side effects (sustained con-
traction of muscle groups [neck, jaw, tongue, eyes], restless-
ness, agitation), has a low propensity to cause tardive dyskinesia
(repetitive, purposeless involuntary movements – grimacing,
tongue protrusion, lip smacking) with long-term treatment,
and treats both positive and negative signs and symptoms of
schizophrenia as well as bipolar disorders. A systematic review
and meta-analysis found that the efficacy of atypical antipsy-
chotics was comparable with that of mood stabilizers in treat-
ing acute mania but that a combination of antipsychotic and
mood-stabilizing agents was more effective than mood stabi-
lizers alone.

In addition to lower D2-receptor potency and occupancy
at therapeutic doses, atypical agents selectively antagonize
mesolimbic D2 receptors more than those in the nigrostria-
tum and prefrontal cortex. As a result, side effects attributable
to nigrostriatal D2 blockade (extrapyramidal symptoms) occur
less frequently, as do side effects attributable to prefrontal D2
blockade (neurocognitive impairment). Serotonin–D2 antag-
onism is the reason atypical antipsychotics may be given in
smaller doses, producing fewer extrapyramidal side effects
while maintaining clinical efficacy.

Atypical agents currently available include clozapine,
risperidone (Risperdal; Janssen, Titusville, NJ), olanzapine
(Zyprexa; Eli Lilly), quetiapine (Seroquel; AstraZeneca), and
ziprasidone (Geodon; Pfizer). Although each agent has different
affinities for specific receptors, most drugs fall into one of two
groups. The first group consists of clozapine, olanzapine,
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Table 13.5. Side effects of antipsychotic drugs

System Effects
Central nervous Extrapyramidal symptoms, seizures (especially

clozapine), sedation, cognitive dysfunction
Autonomic

nervous
Orthostatic hypotension, anticholinergic effects
(tachycardia, dry mouth, urinary retention)

Cardiovascular Prolonged QT interval, torsades de pointes
Respiratory Laryngospasm, dyskinesia
Hematologic Leukopenia, pancytopenia
Endocrine Weight gain, sexual dysfunction, galactorrhea
Gastrointestinal Constipation, jaundice

and quetiapine, all of which demonstrate multiple receptor
antagonism (�1, H1, and muscarinic1). The second group
consists of risperidone and ziprasidone, which demonstrate
only �1-adrenergic receptor antagonism.

Schizophrenia
Schizophrenia, themost commonpsychotic disorder, is thought
to occur as the result of hyperactivity of the dopaminer-
gic system. Symptoms include delusions, hallucinations, agita-
tion, social incompatibility, withdrawal, and lack of hygiene.
Schizophrenia may be associated with depression or mania.
Commonly used antipsychotic drugs used to treat schizophre-
nia include phenothiazines (chlorpromazine, thioridazine),
butyrophenones (haloperidol), loxapine (Loxapac; Wyeth-
Ayerst, Radnor, PA), clozapine, and risperidone. Side effects of
antipsychotic drugs are listed in Table 13.5.

Agitation
Safety is the first consideration with any psychiatric patient.
When confronted with an agitated patient, physical restraint,
including room seclusion, should be applied only as necessary
tomaintain the safety of the patient and staff or to avoid destruc-
tion of property.

Among the neurotransmitters, serotonin plays a major
inhibitory role in aggressive behavior. Atypical antipsychotic
medications, which affect both serotonin and D2 activity, may
have primary antihostility properties, which the traditional
antipsychotic medications lack. Patients requiring injectable
antipsychotics may be given olanzapine, ziprasidone, aripipra-
zole, or haloperidol. Additionally, for patients who agree to take
oralmedication but whose cooperation ismarginal, risperidone
and olanzapine are available as tablets that disintegrate in the
mouth and therefore do not allow the patient to conceal a pill
and surreptitiously discard it. The tablets are absorbed through
the gastrointestinal tract at the same rate as standard pills (i.e.,
those not absorbed transmucosally). Oral and injectable prepa-
rations appear to be comparable in efficacy in acutely agitated
patients.

Agitated patients also may benefit from a benzodiazepine.
Lorazepam (Ativan; Pfizer) has the advantages of compatibility
with antipsychotics, evidence of efficacy, and availability in oral,
intramuscular, and intravenous formulations. Lorazepam, 0.5

to 2 mg, may be administered at the same time and by the same
route as the antipsychotic.

Neuroleptic malignant syndrome
Perhaps the most feared complication of neuroleptics is neu-
roleptic malignant syndrome (NMS). NMS may be caused
by antipsychotics, meperidine, or metoclopramide. Higher
dosages or a rapid and large increase in dosage also may trig-
ger the development of NMS. The first symptom to develop is
usually muscular rigidity, followed by high fever and changes
in cognitive functions. Other symptoms may vary but include
unstable blood pressure, confusion, coma, delirium, andmuscle
tremors.The creatine phosphokinase plasma concentrationwill
be elevated as a result of increased muscular activity. Patients
may be hypertensive and usually have ametabolic acidosis, with
mortality rates around 20% to 30%.

Treatment requires withdrawal of the offending agent, ini-
tiation of bromocriptine or dantrolene therapy, and supportive
care. Anesthesia personnel must be aware of the similarity of
NMS and malignant hyperthermia (MH), and especially vigi-
lant when providing care to persons with a documented history
of either. A primary defect in skeletalmuscle has been suggested
in view of similarities in the clinical presentations of NMS and
anesthetic-induced MH, although NMS is associated with a
normal muscle biopsy (unlike MH). Patients with neuroleptic-
induced parkinsonism may develop intercurrent fever caused
by infections or dehydration and be mistaken for cases of NMS.
Although NMS has been reported before and after surgery, it
appears unlikely to develop intraoperatively, in contrast toMH.
Among differential diagnoses, serotonin syndrome should be
mentioned because in its most severe form, which is associated
with MAOIs, it presents as an NMS-like hypermetabolic state
(although it usually presents with milder and more transient
symptoms indicative of an agitated delirium).
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Chapter

14 Substance abuse and anesthesia
Thomas J. Graetz and Lisa R. Leffert

Recreational drugs are substances used without medical justi-
fication, causing changes in consciousness, habituation, and, in
some cases, addiction (Table 14.1). The illicit use of these sub-
stances, which include alcohol, cocaine, amphetamines, mar-
ijuana, and opioids, is common; it is estimated that almost
10% of the US population �12 years of age have ingested
recreational drugs in the past month. Acute and chronic sub-
stance abuse affect anesthetic care through the associated
physiologic derangements and interactions with perioperative
medications.

The following discussion highlights the epidemiologic,
pharmacologic, and anesthetic implications of recreational
drug use; in addition, the effects on pregnant women and their
developing fetuses are highlighted.

Optimal care of the substance-abusing patient includes
knowledge of which drugs he or she has ingested. The anes-
thesia consultation should contain detailed questions about the
patient’s use of recreational drugs, asked in a private and non-
judgmental fashion. Because patients tend to underreport their
recreational drug use, it is important to recognize the rele-
vant signs, symptoms, and comorbidities and to use drug test-
ing when feasible. The most common specimen tested is urine
(Table 14.2), although bioassays are available to test blood, hair,
fetal meconium, and umbilical cord tissue.

Tobacco
General considerations
Tobacco use is common; more than 72 million Americans over
12 years of age (approximately 30%of the population) have used
a tobacco product in recent months. Tobacco-containing prod-
ucts include cigarettes, the focus of this discussion. Other use
includes chewing and pipe tobacco, snuff, and cigars.

Tobacco smoke contains more than 3000 active substances,
including carbon monoxide and nicotine. Carbon monoxide
decreases available oxygen for delivery to cells by avidly bind-
ing to hemoglobin to form carboxyhemoglobin and shifting the
hemoglobin dissociation curve to the left. Inhaled nicotine acts
on nicotinic (cholinergic) receptors in the brain and the periph-
ery immediately upon exposure, causing sympathetic stimula-
tion. Nicotine is metabolized by the liver to cotinine prior to
being excreted in the urine.

Inhalation of tobacco smoke has diverse systemic effects,
including increases in heart rate, blood pressure, and myocar-
dial contractility. Smoking tobacco increases the rate of car-
diovascular disease, and also affects the lungs, changing the
quality and quantity of mucus production, decreasing mucocil-
iary clearance, and predisposing patients to bronchitis and
chronic obstructive pulmonary disease (COPD). Tobacco is
addictive; cessation of smoking may lead to withdrawal symp-
toms including cravings, insomnia, and headaches. Some
patients use nicotine replacement therapies such as gum,
patches, or inhalers to facilitate cessation; the American Col-
lege of Obstetricians and Gynecologists recommends they be
used in pregnant patients only when nonpharmacologic inter-
ventions have failed.

Anesthetic implications
Smokers are at increased risk for perioperative complications,
including pneumonia, respiratory failure, decreased wound
healing, and unanticipated intensive care unit admission.
Smoking cessation should be encouragedpreoperatively, as oxy-
gen delivery and exercise capacity have been shown to improve
even after only a few hours. Longer duration of cessation (up
to 6 months) may be required to confer additional benefits in
terms of decreasing perioperative pulmonary complications.

Anesthetic management of a smoker should include a
thorough investigation of frequently associated comorbidities,
including cardiovascular and pulmonary disease. Of particu-
lar concern is the propensity for increased secretions, decreased
ciliary motility, and impairment of gas exchange. Airway “irri-
tability” associated with general anesthesia is thought to occur
in smokers, although the published data are not entirely sup-
portive of this concept.When feasible, neuraxial and peripheral
regional techniques may be beneficial in these patients as their
use can minimize airway manipulation.

Alcohol (ethanol)
General considerations
Ingestion of alcohol as beer, wine, or distilled liquor is common;
51% of Americans over 12 years of age report current drinking,
whereas 23% of the population 12 years or older report binge
drinking. Acute ethanol exposure places the individual at risk
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Table 14.1. Recreational drugs

Substances Drug properties Systemic effects Anesthetic implications

Tobacco
Nicotine – works via nicotinic cholinergic

receptors in a variety of complex
neurotransmitter systems, including
peripheral autonomic effects.
Metabolized to cotinine.

Carbon monoxide – interacts with
hemoglobin to form
carboxyhemoglobin, which decreases
the available oxygen for cells and
increases the affinity of oxygen for red
blood cells

Increased heart rate
Increased blood pressure
Increased myocardial contractility
Decreased tissue oxygen levels
Increased mucus production
Decreased mucociliary clearance
Small airway dysfunction

Increased risk for pulmonary complications
Potential for airway “irritability” and

bronchospasm
Regional technique allows airway

manipulation to potentially be avoided
Cessation should be encouraged

Ethanol Absorbed rapidly from GI tract
Metabolized by alcohol dehydrogenase

Acute
Impaired cognition
Increased gastric acidity
Hypovolemia

Chronic
Hypertension
Anemia
Peripheral neuropathy
Cardiomyopathy
Liver cirrhosis
Pancreatitis
Malnutrition
Cancer
Metabolic derangements
Withdrawal
Tremor
Hypertension
Tachycardia
Nausea and vomiting
Agitation
Potential for delirium tremens

Acute
Potential for uncooperative patient
Impaired airway reflexes
Decreased MAC

Chronic
Manifestations of comorbid diseases
Altered drug metabolism
Empirically increasing anesthetic doses is

not recommended (conflicting data)
Withdrawal
Altered hemodynamics
Potential for seizures

Cocaine Reuptake inhibitor of presynaptic
sympathomimetic neurotransmitters.

Metabolized by serum and liver esterases

Local anesthetic properties
CNS stimulation
Cardiovascular complications

including arrhythmias,
hypertension, myocardial ischemia

Seizures
Proteinuria

Potentially uncooperative patient
Altered pain perception
Delayed gastric emptying
β-Blockers may lead to unopposed alpha

stimulation
Resistance to ephedrine
Reports of increased risk of

thrombocytopenia (conflicting data)
Amphetamines Indirect sympathomimetics that stimulate

the CNS
Dose-dependent CNS stimulation
Cardiovascular complications

including arrhythmias,
hypertension, myocardial ischemia

Seizures
Proteinuria

Toxic effects potentiated when combined
with ethanol

Potentially uncooperative patient
Altered pain perception
Resistance to ephedrine
β-Blockers may lead to unopposed alpha

stimulation
Marijuana Smoked or ingested (slower onset) Tachycardia

Mucociliary dysfunction
Elevated carboxyhemoglobin
Biphasic effects
Lower doses leading to increased

sympathetic activity and decreased
parasympathetic activity

Higher doses leading to increased
parasympathetic activity including
bradycardia and potentially
hypotension

Likely use of other drugs concomitantly
Arrhythmias
Potential for pulmonary complications

Opioids Variable route of administration Acute
Decreased ventilatory drive
Dysphoria
Unconsciousness
Miotic pupils

Withdrawal
Occurs 4–6 h after opioid intake
and peaks at 48–73 h

Agitation

Potential for acute withdrawal syndrome if
opioid antagonists or agonist–antagonists
given to chronic users

Clonidine can ameliorate some withdrawal
symptoms

To treat acute pain in chronic user:
Develop care plan with patient
Multimodal therapy (including NSAIDs,
regional techniques) is recommended

(continued)

89



Part 1 – Preoperative Care and Evaluation

Table 14.1. (continued )

Substances Drug properties Systemic effects Anesthetic implications

Tachycardia
Hypertension
Insomnia
Lacrimation
Rhinorrhea
Yawning
Diarrhea

Maintain baseline opioid requirements
Anticipate increased acute analgesic
needs (30%–100% or more than in
opioid-naı̈ve patients)

Hallucinogens
(LSD)

Complex mechanisms of action with
agonist, partial agonist, and antagonist
effects at various serotonin,
dopaminergic, and adrenergic receptors

Effects begin in 15–45 min and last 4–6 h,
with metabolism by the liver

Mild sympathetic effects relative to
cocaine, amphetamines, or ecstasy

Euphoria
Anxiety
Paranoia
Visual and auditory hallucinations

Agitation my be treated with
benzodiazepines

Supportive therapy, with resolution of
symptoms usually within 12 h

Avoid use of neuroleptic drugs because
these may worsen symptoms

Patients may have an exaggerated response
to sympathomimetics

Solvents Diverse group of substances
Specific properties vary by specific
substance

Euphoria, excitement, and feeling of
invulnerability

Sympathetic stimulation
Hypotension
Cardiomyopathy
Renal failure

Tachyarrhythmias
Hypoxia from respiratory depression,
aspiration

Formation of carboxy- and methemoglobin,
airway edema

GI, gastrointestinal; NSAIDs, nonsteroidal anti-inflammatory drugs.

for antegrade amnesia and impaired judgment: a blood alcohol
level of 50 mg/dl leads to impairment of some skilled tasks, and
80 mg/dl is the legal limit for driving in many states. Ethanol
is metabolized by alcohol dehydrogenase, aldehyde dehydroge-
nase, and cytochrome P-450, leading to elevated levels of cellu-
lar NADH, which results in metabolic derangement.

Acute intoxication from ethanol ingestion increases gas-
tric acidity. Chronic use may lead to myriad medical prob-
lems, including hypertension, cardiomyopathy, anemia, gas-
tritis, hepatic cirrhosis, and/or chronic pancreatitis. Cognitive
motor deficits and peripheral neuropathy alsomay ensue.With-
drawal fromethanol in a chronic abusermay occur 6 to 48 hours
after consumption and usually manifests as tremor, hyperten-
sion, tachycardia, nausea, vomiting, and hallucinations. Ben-
zodiazepines and �2-agonists are the mainstays of treatment
for withdrawal. Delirium tremens, with its attendant autonomic
instability, is a potential complication of untreated withdrawal
and may be fatal if left untreated.

Anesthetic implications
Whether or not they have eaten recently, acutely alcohol-
intoxicated patients are at increased risk for aspiration because
of delayed gastric emptying, increased gastric acid secretion,
and impaired airway reflexes. As such, pretreatmentwith a non-
particulate antacid and histamine (H2) blocker should be insti-
tuted. For general anesthesia, a rapid sequence induction should
be performed unless a difficult intubation is anticipated. Intox-
icated patients may be hypoglycemic or volume depleted sec-
ondary to vomiting, poor fluid intake, and/or diuresis.

Classic teaching has been that acute alcohol intoxication
decreases patients’ anesthetic needs, partly because of the addi-
tive effect of alcohol and other central nervous system (CNS)

depressants. The notion that chronic alcoholics have a higher
anesthetic requirement than their non–alcohol-using counter-
parts seems based originally on an abstract published by Han
in 1969, which described an alteration in mean minimum alve-
olar concentration (MAC) values of halothane in six chronic
alcoholic patients compared to six “normal healthy adult sub-
jects.” Of note, a subsequent study showed that thiopental
pharmacodynamics andpharmacokineticswere not statistically
significantly different in 11 chronic alcohol users compared
with nine controls. Additionally, a small study from 1993 look-
ing at propofol induction doses in humans showed a slightly
higher dose of propofol was needed at induction of general
anesthesia. Given the presence of additional vulnerabilities in
this patient population, such as decreased nutritional status and
increased cardiac comorbidities, empirically increasing anes-
thetic dosing should be done with caution.

Table 14.2. Drug detection in urine

Detection window via
Drug Analyte urine, days

Tobacco Cotinine 2–4
Cocaine Benzoylecgonine ∼2–3
Amphetamines Methamphetamine ∼3–6
Ecstasy MDMA ∼2
Marijuana THC ∼1–2

THCCOOH ∼4
LSD LSD ∼1–2

2-Oxo-3OH-LSD ∼4
Opioids (heroin) Morphine ∼1–3

THCCOOH, 11-Nor-� 9-tetrahydrocannabinol-9-carboxylic acid.
Data from Haufroid and Lison 1998; Wallach 2000; Verstraete AG. Detection
times of drugs of abuse in blood, urine, and oral fluid. Ther Drug Monit 2004;
26(2):200–205.
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Peripheral and neuraxial anesthesia may be used safely in
these patients in appropriate surgical circumstances, provided
that (1) the patient is cooperative (benzodiazepinesmay be ben-
eficial), (2) coagulopathy (due to associated liver disease) has
been ruled out, (3) the patient is euvolemic, and (4) baseline
neurologic deficits (e.g., peripheral neuropathy) are taken into
consideration.

Cocaine
General considerations
Approximately 15% of the population over 12 years of age
have used cocaine. An alkaloid derived from the Erythroxylon
coca plant, cocaine commonly is prepared as a water-soluble
hydrochloride salt that can be snorted, injected intravenously,
or absorbed intrarectally or intravaginally. Cocaine also may be
modified using ether and ammonia or sodium bicarbonate to
form “free-base” or “crack” cocaine, respectively. Both free-base
and crack can be smoked.

Cocaine has a biologic half-life of 0.5 to 1.5 hours and is
metabolized primarily by plasma and liver esterases to ecgonine
methyl ester and benzoylecgonine. Patients who are homozy-
gotes for atypical plasma cholinesterase have impaired in vitro
ability to metabolize cocaine in addition to succinylcholine.
Acquired deficiencies in the quantity of plasma cholinesterase
secondary to liver disease, pregnancy, plasmapheresis, hypothy-
roidism, and malnutrition also may alter cocaine metabolism,
although these may or may not have a clinically significant
effect. If cocaine is metabolized in the presence of ethanol,
cocaethylene, which has a longer half-life than cocaine and
amplified physiologic effects, is formed.

Cocaine exerts its pharmacologic action by preventing reup-
take of dopamine, norepinephrine, and serotonin. Increased
CNS levels of dopamine lead to feelings of euphoria and con-
tribute to the addictive nature of cocaine. Repeated expo-
sure to cocaine may cause dopamine depletion and anhedonia.
Cocaine is unique in that it also functions as a local anesthetic
with inherent vasoconstrictive properties.

Anesthetic implications
The anesthetic implications of cocaine use relate to its multi-
organ system effects and to the frequent concomitant use of
other recreational drugs. Cardiovascular sequelae of acute and
chronically elevated catecholamine levels include hypertension,
dysrhythmias, and conduction disturbances, in addition to an
increased risk of developing myocardial ischemia, dilated car-
diomyopathy, valvular disease, and aortic dissection.

Some authors advocate pretreatment with benzodiazepines
and antihypertensive agents prior to induction of general anes-
thesia to attenuate the adrenergic effects of cocaine. Rec-
ommended therapy for severe cocaine-induced hypertension
includes hydralazine, nitroprusside, nitroglycerin, or phento-
lamine. �-Blockers are relatively contraindicated because of the
risk of unopposed alpha activity, leading to a further increase in

blood pressure and coronary vasoconstriction. Labetalol, with
its concomitant (albeit weak) alpha effects, may be less prob-
lematic. Given the variable effects of cocaine on myocyte cal-
ciummetabolism, some authors have cautioned against the use
of calcium channel blockers in cocaine-intoxicated patients,
although others advocate its use.

Treatment for cocaine-induced hypotension should begin
with intravenous (IV) fluids and a search for underlying causes.
If a vasopressor is needed, direct-acting vasoconstrictors such
as phenylephrine may be advisable because ephedrine may be
associated with an exaggerated or attenuated response depend-
ing on levels of circulating catecholamines. Cardiac arrhyth-
mias should be treated according to Advanced Cardiac Life
Support (ACLS) protocol, using cardioversion or defibrillation
if indicated. Use of volatile anesthetics during general anes-
thesia, most notably halothane, may increase the risk of car-
diac arrhythmias. Of note, an animal study published in 1988
by Hayashi showed that epinephrine-exposed dogs had fewer
ventricular arrhythmias when exposed to isoflurane than to
sevoflurane. Finally, the use of ketamine is relatively contraindi-
cated in patients with acute cocaine intoxication as it may pro-
voke an exaggerated hemodynamic response.

Patients who abuse cocaine also may suffer neurologic
consequences including headache, agitation (may respond to
benzodiazepines), depression, seizures, psychosis, stroke, and
cerebral atrophy. Additionally, opioid receptor modulation sec-
ondary to chronic cocaine use may lead to breakthrough pain
during spinal or epidural anesthesia as well as postoperatively,
despite an adequate sensory level. The MAC of halothane has
been shown to be increased during acute cocaine intoxication
in animals.

Pulmonary comorbidities associated with cocaine use occur
primarily in the setting of inhalation. As is the case for tobacco
smokers, these patients have an increased risk of asthma,
chronic cough, and diffusion abnormalities. Other related
complications include pneumothorax and pulmonary edema.
Because individuals who smoke cocaine are at risk for upper
airway burns, extra care must be taken if intubation is planned.
Snorting cocaine may lead to nasal septal injury, which pre-
cludes insertion of airway, temperature, and nasogastric devices
through the nares.

Gastric emptying is delayed by cocaine ingestion, so pre-
treatment with a nonparticulate antacid and H2 blocker should
be instituted. For general anesthesia, a rapid sequence induction
should be performed, unless a difficult intubation is anticipated.

Although cocaine has been shown to cause increased
platelet activation and aggregation, the presence of cocaine-
induced thrombocytopenia is both supported and refuted in
the literature. If feasible, the platelet count should be checked
in these patients prior to placing a regional anesthetic. In addi-
tion, for those who have end-stage liver disease, it is prudent to
assess coagulation status.

Finally, patients who inject cocaine or any other illicit drugs
aremore likely to have infectious complications (includingHIV
and viral hepatitis) and difficult intravenous access.
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Amphetamines
General considerations
Amphetamines cause the release of catecholamines from pre-
synaptic nerves, leading to CNS stimulation with feel-
ings of euphoria. Six percent of the population have used
amphetamines at some point during their lives; metham-
phetamines are the most commonly used drugs in this class.
3,4-Methylenedioxymethamphetamine (MDMA or “ecstasy”)
is chemically related to methamphetamines and also has
hallucinogenic properties (see Hallucinogens).

Metabolism of amphetamines is variable; up to 30% of
the drug is excreted unchanged in urine. The plasma half-life
varies from 5 to 30 hours, depending on urine output and pH
(increased pH leading to decreased excretion). Amphetamines
frequently are taken in combinationwith other drugs; for exam-
ple, ethanol plus methamphetamines is known to provide more
pleasurable sensations for the user and also to bemore demand-
ing on the cardiovascular system than either substance alone.

Anesthetic implications
The signs, symptoms, and anesthetic considerations of amphe-
tamine intoxication are generally similar to those of cocaine,
and therapy should be directed accordingly: benzodiazepines
to blunt the excitatory effects of amphetamines and nitrates,
hydralazine and phentolamine for treatment of severe hyper-
tension. Hypotension in a chronic amphetamine user likely
is the result of catecholamine depletion and possibly down-
regulation of �- and �-adrenergic receptors; as such, phenyle-
phrine may be a more effective corrective therapy than an
indirect agent such as ephedrine.

Regional or general anesthetic techniques may be used in
amphetamine-intoxicated patients, depending on the overall
clinical picture. Of note, chronic use of methamphetamines is
associated with severe tooth decay (“meth mouth”), which puts
these patients at risk for having teeth dislodged during intuba-
tion. In addition, the results of animal studies suggest thatMAC
for volatile anesthetics is decreased in the setting of chronic
amphetamine use and increased in the setting of acute inges-
tion. Because MDMA intoxication may lead to hyperpyrexia,
core body temperature should be measured in these patients
and active warming devices used with caution.

Marijuana (cannabis)
General considerations
Marijuana was used recreationally by about 16% of the pop-
ulation 18 to 25 years old and 8% of those over 12 years
old in 2006. Derived from the Cannabis sativa or C. indica
plant, marijuana contains over 400 different compounds,
including over 60 cannabinoids. The most potent and studied
cannabinoid in marijuana is � 9-tetrahydrocannabinol (THC).
Marijuana is frequently smoked, although it can be orally
ingested.

Cannabinoids, which are metabolized by the liver and
eliminated in the urine, have complex effects mediated by
endogenous receptors. Marijuana users experience anxiolysis,
sedation, intoxication, and analgesia; dysphoria and paranoia
alsomay occur. A biphasic effect on the autonomic nervous sys-
tem occurs: low to moderate doses lead to sympathetic stim-
ulation, tachycardia, and hypertension, whereas high doses
lead to sympathetic inhibition with resultant bradycardia and
hypotension. Life-threatening arrhythmias in patients with-
out preexisting cardiac disease are rare, although ectopy may
occur.

Smoking three to four cannabis cigarettes per day has been
estimated to result in the same degree of bronchopulmonary
damage as smoking 20 cigarettes a day. The cannabinoids are
lipid-soluble substances, leading to their long elimination half-
life (about 7 days). Withdrawal from chronic marijuana use
reportedly is associatedwith headache, restlessness, tremor, and
anxiety.

Anesthetic implications
Because marijuana cigarettes contain many of the com-
pounds in tobacco (excluding nicotine), inhalation may lead
to mucociliary dysfunction, bronchial irritation, and decreased
tissue levels of oxygen secondary to increased carboxy-
hemoglobin. As is the case with tobacco, use of peripheral or
neuraxial regional anesthetics may enable the anesthesiologist
to avoid instrumenting the airway. Caution should be taken
when administering anticholinergics and other vagolytic med-
ications (e.g., pancuronium), as these medications may worsen
the tachycardia frequently seen with marijuana. Marijuana also
may potentiate the sedative effects of other medications.

Opioids
General considerations
The opioid class of medications includes “opiates” derived
from the poppy plant (e.g., morphine and codeine) and other
semisynthetic or synthetic formulations, such as heroin, oxy-
codone, and methadone. These drugs frequently are injected
intravenously but also may be injected subcutaneously or
ingested orally. The prevalence of heroin abuse in the popula-
tion over 12 years of age is 1.5%, and that of nonmedical use of
pain relievers (e.g., oxycodone) is estimated at 14%. Heroin, an
acetylated morphine, is highly addictive and reaches the brain
in �10 seconds when injected intravenously; it is metabolized
in the liver prior to excretion by the kidneys and has an elimi-
nation half-life of 1 to 2 hours.

Oxycodone is a popular opioid of abuse because of its high
oral bioavailability and potency.

Methadone is a synthetic opioid used recreationally and
in medical practice as substitution therapy for heroin addicts
and to treat chronic pain. Its peak concentration after oral
administration occurs at 4 hours; its elimination half-life is
highly variable and prolonged (15–40 hours). Opioid intox-
ication leads to decreased ventilatory drive and decreased
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airway reflexes.Withdrawal symptoms include agitation, tachy-
cardia, hypertension, insomnia, lacrimation, rhinorrhea, and
yawning.

Anesthetic implications
When caring for a patient who chronically uses opioids, it is
essential to communicate effectively, to maintain the patient’s
baseline opioid requirements, and to anticipate acute additional
analgesic needs. Tolerance to opioids and abnormal pain sen-
sitivity in these patients make achieving optimal pain control
more challenging; they are more likely to report breakthrough
pain intraoperatively when regional anesthesia is used and
postoperatively regardless of the mode of anesthesia. As
such, multimodal therapy including nonsteroidal medications,
peripheral and neuraxial techniques, and adequate doses of
opioids (30%–100% above what is expected in opioid-naı̈ve
patients) is indicated. Medical therapy is enhanced when cou-
pled with a detailed conversation outlining the care plan.With-
holding necessary opioids for fear of relapse in a formerly
addicted patient is not medically justified.

Patients on chronic methadone maintenance should con-
tinue receiving their baseline-dosing regimen. Opioid antag-
onists (e.g., naloxone) and mixed agonists–antagonists (e.g.,
nalbuphine) are relatively contraindicated in chronic opioid
users, unless they have overdosed or are undergoing medi-
cally supervised detoxification. Withdrawal symptoms can be
ameliorated by �2-agonists (e.g., clonidine) or by careful rein-
troduction of opioids. IV abuse of opioids and other recre-
ational drugs frequently is associated with subsequent difficult
IV access and infectious complications including cellulitis, viral
hepatitis, HIV, and endocarditis.

Hallucinogens
General considerations
Five percent of the population over the age of 12 years have used
hallucinogens (e.g., lysergic acid diethylamide [LSD], phency-
clidine [PCP], psilocybin, or mescaline) during their lifetime.
Hallucinogens have complex mechanisms of action, includ-
ing agonist, partial agonist, and antagonist effects at serotonin,
dopamine, and adrenergic receptors; ingestion typically pro-
duces mind-altering CNS stimulation, including visual, audi-
tory, and tactile hallucinations, andmild adrenergic stimulation
compared with cocaine and amphetamines. These effects typi-
cally occur approximately 1 hour after ingestion and may last
up to 12 hours. No specific withdrawal syndrome is associated
with abrupt discontinuation of these substances, although psy-
chological dependence frequently occurs.

Anesthetic implications
Management of the hallucinogen-intoxicated patient typically
is supportive and noninterventional. As such, the choice of
regional versus general anesthesia depends primarily on the
clinical situation. If necessary, agitation can be treated with

benzodiazepines. Neuroleptic agents should be avoided because
theymay potentiate the undesirable effects of these compounds.
Hallucinogensmay cause arrhythmias and hypertension, which
can be managed in the usual fashion. As these patients may
have an inadequate response to ephedrine, phenylephrine may
be more effective in the treatment of hypotension.

Solvents
General principles
Solvents are popular substances of abuse because they are read-
ily available and inexpensive. Approximately 9% of the pop-
ulation over 12 years of age have used inhalants during their
lifetime. Solvents may be ingested orally or inhaled because
they readily vaporize at room temperature. The primary effect
of these recreational drugs is on the CNS, causing a “rush” of
excitement and disinhibition. These effects, typically of short
duration, may be prolonged by sequential inhalations. Solvent
abuse may lead to irritation of mucous membranes, epistaxis,
rhinorrhea, aspiration, fatal arrhythmias, burns, and accidental
death. Chronic use may result in multiorgan system pathology,
including renal failure, leukemia, aplastic anemia, hepatocellu-
lar carcinoma, cardiomyopathy, and brain atrophy.

Anesthetic implications
A careful neurologic examination is important in order to doc-
ument preexisting sensory and motor deficits. Solvent intox-
ication may lead to hypoxemia as a result of suffocation
and/or methemoglobinemia. The drug user’s airway also may
be injured by the inhalation process, leading to mucosal injury
and edema. Repeated use of nitrates may lead to syncope,
hypotension, and the potential for methemoglobinemia. Care
should be used with epinephrine-containing medications, as
the inhalational agents may sensitize the myocardium. Respira-
tory and neurologic abnormalities should be specifically eval-
uated. Additionally, electrolyte abnormalities may occur and
should be identified and corrected, if present.

Pregnant patients and their
developing fetuses
An estimated 17% of pregnant women smoke cigarettes. Smok-
ing tobacco leads to in utero exposure to carcinogens and toxic
metabolites of tobacco, as well as to hypoxia from placental
vasoconstriction and increased levels of carboxyhemoglobin.
Smoking places pregnant women at risk for complications such
as intrauterine growth restriction (IUGR), placental abruption,
premature rupture of membranes, low birth weight, and peri-
natal mortality. A negative association between smoking and
preeclampsia has been reported in the literature.

Approximately 12% of pregnant women report alcohol use.
Fetal alcohol syndrome (FAS) secondary to in utero ethanol
exposure is the leading cause of preventable birth defects and
developmental abnormalities. Key features of the diagnosis of
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FAS are facial dysmorphia (smooth philtrum, thin vermilion
border, and small palpebral fissure) and neurologic and devel-
opmental abnormalities. No level of alcohol exposure has been
identified as “safe” for use during pregnancy.

Cocaine use may lead to placental abruption, preterm labor,
spontaneous abortion, IUGR, preterm delivery, stillbirth, and
neonatal abstinence syndrome. Pregnant women who abuse
cocaine are at higher risk for needing cesarean delivery for fetal
distress. Cocaine-exposed infants weigh less, are shorter, and
have an increased incidence of infections, particularly those
that are sexually transmitted. Early reports suggested that in
utero cocaine exposure is associated with congenital anatomic
defects, although more recent data have not supported this
observation.

Amphetamine use during pregnancy has been implicated in
some fetal anomalies in animal studies (e.g., cardiac abnormal-
ities and cleft lip) as well as in IUGR. Additionally, prematurity,
placental abruption, and fetal distress have been associatedwith
amphetamine use in pregnancy.

Marijuana use during pregnancy allows the potent metabo-
lite THC to readily cross the placenta. Although THC is not an
established teratogen, chronic use may lead to IUGR, uteropla-
cental insufficiency, and low birth weight.

Specific concerns regarding the fetus associated with
chronic opioid use include decreased birth weight, longer and
more frequent hospital stays, increased fetal mortality, and
neonatal abstinence syndrome (NAS).The latter is a withdrawal
syndrome seen in neonates exposed to opioids in utero and
is characterized by gastrointestinal, respiratory, and nervous
system dysfunction manifesting as irritability, high-pitched
cry, tremors, hypertonicity, vomiting, diarrhea, and tachypnea.
When maternal abstinence is not feasible, methadone main-
tenance therapy (MMT) is used as replacement/maintenance
therapy for heroin addiction. MMT has been shown to increase
prenatalmedical care, decreaseNAS, and reducematernal illicit
drug use at delivery.

There is conflicting evidence as to whether prenatal PCP
exposure has negative effects on the developing fetus. PCP use

during pregnancy has been associated with smaller and more
premature infants.

Solvent abuse in pregnancy has been associated with an
increased incidence of IUGR, preterm labor, and prenatal
death. Toluene may contribute to FAS with concomitant use of
alcohol.
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15 Anatomy of the human airway
Sarah H. Wiser

Understanding the anatomy of the human airway is critical
to safe and efficient airway management. The upper airway
consists of the passages from the nose and mouth to the lar-
ynx. The lower airway includes structures distal to the glottis
(Fig. 15.1).

Nasal cavity
The nasal cavity provides for the passage, filtration, humidifica-
tion, and warming of inhaled air. Its anatomic borders are the
cribriform plate superiorly, the hard palate inferiorly, and the
turbinates laterally. It is divided in the midsagittal plane by
the septum. From the nares anteriorly, the nasal passage extends
posteriorly and slightly caudad to reach the nasopharynx.

General sensation to the mucous membranes of the nasal
cavity is derived from the trigeminal nerve (Table 15.1). The
anterior lateral wall and anterior septum are supplied by the
anterior ethmoid nerves (V1), whereas the sphenopalatine
nerves (V2) provide sensation to these structures posteriorly.
The floor of the nasal cavity (or hard and soft palates) is sup-
plied by the infraorbital and greater palatine nerves (V2) ante-
riorly and posteriorly, respectively. The nasal cavity has a rich
and redundant blood supply from the ophthalmic, maxillary,
and facial arteries.

Oral cavity
The mouth includes the dentition, anterior two-thirds of the
tongue, floor of the mouth, and undersurface of the hard and
soft palates. The division between the oral cavity and the
oropharynx is marked by the anterior tonsillar pillars or
palatoglossal folds.The tongue is attached to themandible ante-
riorly and laterally; posteriorly it is attached to the stylohyoid
process and the hyoid bone. The tongue continues posteriorly
into the pharynx and is attached to the epiglottis by mucosa.
This mucosa creates the glossoepiglottic fold (medially) and
the pharyngoglottic folds (laterally). The vallecula is the fossa
formed by these folds.

General sensation to the tongue is supplied by three cra-
nial nerve branches: the lingual branch of the trigeminal nerve
(anterior two-thirds), the glossopharyngeal nerve (posterior
one-third), and a small component derived from the vagus
nerve (Table 15.1). The primary blood supply to the oral cav-
ity is from a branch from the external carotid artery.

Figure 15.1. Anatomy of the upper human airway.

Themandible is the primary bony structural support of the
mouth. It is a horseshoe-shaped structurewith two vertical rami
that articulate with the temporal bones of the cranium. The
temporomandibular joint provides for two types of movement:
rotation and translation. These movements allow for opening
of the mouth. The space between the horizontal rami of the
mandible is called the mandibular space.

Pharynx
The pharynx is a U-shaped fibromuscular tube that, anatom-
ically and functionally, is divided into three areas: the
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Table 15.1. Sensory innervation of the airway

Nerve Sensory distribution

Trigeminal nerve (CN V)

V1 anterior ethmoidal nerve

V2 sphenopalatine nerves
V2 palatine nerves
V2 pharyngeal branch

V3 lingual nerve

Mucous membranes of the anterior
nasal cavity

Mucous membranes of the posterior
nasal cavity

Hard and soft palate
Roof of the nasopharynx
General sensation to the anterior
two-thirds of the tongue

Facial nerve (CN VII) Taste to the anterior two-thirds of the
tongue

Glossopharyngeal nerve (CN IX) General sensation and taste to the
posterior third of the tongue

Nasopharynx (except the roof –
supplied by V)

Oropharynx
Tonsils
Laryngopharynx, pharyngeal surface of
the epiglottis

Vagus nerve (CN X) Contributes to the glossopharyngeal
nerve for sensation to the
oropharynx and laryngopharynx

Internal laryngeal nerve Sensation of the pyriform recesses

Recurrent laryngeal nerve Laryngeal surface of the epiglottis, and
laryngeal structures to the vocal
cords

Sensation below the vocal cords and
distal airways

CN, cranial nerve.

nasopharynx, oropharynx, and hypopharynx. The nasophar-
ynx, as discussed earlier, is posterior to the nasal cavity and
serves as an air conduit. The oropharynx is the main passage
of the aerodigestive tract. The palatoglossal folds separate the
oropharynx from the oral cavity anteriorly. The hypopharynx,
the continuation of the aerodigestive tract, extends from the
epiglottis to the lower border of the cricoid cartilage; it is con-
tiguous with the esophagus. The larynx bulges posteriorly into
the hypopharynx, thus creating lateral recesses on either side,
called the pyriform recesses.

General sensation to the pharynx is supplied by the trigem-
inal, glossopharyngeal, and vagus nerves (Table 15.1). The
trigeminal nerve supplies sensory innervation to the roof of the
nasopharynx, and the glossopharyngeal nerve supplies sensory
innervation to the remainder of the nasopharynx. The glos-
sopharyngeal and vagus nerves both contribute sensory inner-
vation of the oropharynx, including the posterior third of the
tongue. The blood supply to the pharynx is derived from the
external carotid artery.

Larynx
The larynx lies at the level of the third to sixth cervical ver-
tebrae, anterior to the hypopharynx. Functionally, the larynx
is the organ of phonation and the passageway for air into the
trachea and lungs. The epiglottis acts to protect the lower air-
ways from contamination from the alimentary tract.The larynx

Figure 15.2. The cartilaginous skeleton of the larynx.

consists of a cartilaginous skeleton bound by ligaments, mem-
branes, and muscles.

The cartilaginous skeleton of the larynx consists of three
unpaired cartilages – the epiglottis, thyroid, and cricoid, and
three paired cartilages – the arytenoid, cuneiform, and cornicu-
late (Fig. 15.2).The epiglottis is the functional division between
the oropharynx and larynx. The thyroid cartilage houses the
glottic opening and is attached to the hyoid bone by the thy-
rohyoid membrane superiorly and to the cricoid cartilage infe-
riorly by the cricothyroid membrane. The cricoid cartilage is
signet ring–shaped and is the only complete cartilaginous ring
in the airway. The cricothyroid ligament continues posteriorly
behind the thyroid cartilage to form the anterior commissure
and subsequently to create the true vocal cords, which attach
and continue between the arytenoids medially to meet in the
midline. The arytenoids are attached to the epiglottis laterally

Table 15.2. Motor innervation of the larynx

Superior laryngeal nerve (external
branch) (CN X)

Cricothyroid muscle

Recurrent laryngeal nerve (CN X) All other muscles of the
larynx

CN, cranial nerve.
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Table 15.3. Clinical manifestations of motor nerve injury

Subtypes
Nerve of Injury Clinical manifestation Cord position/appearance

Superior laryngeal nerve (external
branch)

Unilateral injury
� Acute
� Chronic

Hoarseness
Generally has minimal effect (the other
vocal cord compensates), but there
may be residual dysphonia

Aryepiglottic fold shortened on the affected side and
lengthened on the normal side; affected cord
appears wavy

Bilateral injury Hoarseness, tiring of voice Cords appear wavy
Recurrent laryngeal nerve Unilateral injury Hoarseness Affected cord – adducted to the paramedian position

Bilateral injury
� Acute
� Chronic

Stridor, respiratory distress
Aphonia

Cords nearly closed
Cords are paramedian

Vagus nerve (prior to branching of
the nerve)

Unilateral injury Hoarseness Affected cord – midline
Bilateral injury Aphonia Midway between abduction and adduction

(cadaveric position)

by the aryepiglottic ligaments and have articular facets inferi-
orly with the cricoid cartilage.

The branches of the vagus nerve supply all the motor and
sensory innervation to the larynx (Tables 15.1 and 15.2) via
its branches, the superior and recurrent laryngeal nerves. The
superior laryngeal nerve divides into the internal laryngeal
(sensory) and the external laryngeal (motor) nerves before
entering the larynx.The internal laryngeal nerve pierces the lat-
eral edge of the thyrohyoid membrane, inferior to the greater
cornu of the hyoid bone, and travels superficially in the pyri-
form recess to enter the larynx. The internal laryngeal nerve
supplies sensation to the base of the tongue, laryngeal surface of
the epiglottis, and larynx to the vocal cords. The left recurrent
laryngeal nerve loops around the aortic arch and the right loops
around the right subclavian artery. Both then travel to supply
sensory innervation to the vocal cords, trachea, carina, and dis-
tal airways.

The larynx is designed for phonation and protection of the
airway. The muscles that perform these functions are divided
into external and internal groups. The external group allows
for position and movement of the entire larynx, whereas the
internal group provides for delicate movements that affect glot-
tic opening. The exception to this is the cricothyroid muscle,
which lies external to the larynx and acts to provide tension
to the vocal cords (adductor). The recurrent laryngeal nerve
supplies all motor function to the internal laryngeal muscles
(Table 15.2), whereas the cricothyroid muscle is supplied by
the external branch of the superior laryngeal nerve. Laryngeal
blood supply is derived from the carotid and subclavian arteries.
Occasionally, a small cricothyroid artery crosses the superior
portion of the cricothyroid membrane. Clinical manifestations
of motor nerve injury are summarized in Table 15.3.

Trachea
The trachea is a tubular structure that begins at the inferior bor-
der of the cricoid cartilage at the level of the sixth cervical verte-
bra. It consists of 16 to 20 C-shaped hyaline cartilaginous rings
connected posteriorly by the membranous trachea. The adult
trachea is approximately 12 mm in diameter and 9 to 15 cm in
length and bifurcates into the left and right mainstem bronchi
at the carina.The carina is at the level of the sternal angle, which
corresponds to the junction of the fourth and fifth thoracic ver-
tebrae. The right mainstem bronchus is 1 to 2 cm in length and
divides into upper, middle, and lower lobes, whereas the left
mainstembronchus is 4 to 5 cm in length and divides into upper
and lower lobes. Air continues through the bronchioles to reach
the alveoli, where gas exchange occurs.
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Chapter

16 Airway assessment
Rahul Koka and B. Scott Segal

The preoperative evaluation of the airway and the abil-
ity to predict difficulty in airway management are essential
components of preparing the patient for surgery. American
Society of Anesthesiologists (ASA) Closed Claims Project anal-
ysis of adverse outcomes associated with anesthesia reveals
that the most common cause of serious injury during anes-
thesia is inadequate ventilation. More often than not, this is
secondary to problems with laryngoscopy and/or mask ven-
tilation, that is, the “difficult airway.” Being able to predict
the difficult airway is an essential tool that allows the anes-
thetist to select appropriate airway devices, techniques, and
procedures.

Patient history
Preoperative airway management must include a focused and
detailed history of diseases or symptoms related to the air-
way as well as a review of prior airway management events.
There are recognized associations between a variety of congen-
ital, acquired, and traumatic disease states and problems with
airway management (Table 16.1). These diseases are usually
associated with specific findings on physical examination that
correlate with difficult laryngoscopy or ventilation.

In addition, there are other factors that may compromise
airway functionality, including edema, burns, smoke inhala-
tion, and history of oral or nasal bleeding. Tracheal/esophageal
stenosis may occur after prior tracheostomy or prolonged intu-
bation. Snoring may suggest obstructive sleep apnea, difficulty
with mask ventilation, and problems during emergence and
extubation.

A history of prior attempts at intubation and ventilation also
should be reviewed and may be the best predictor of difficulty
with future events. A history of a difficult intubation, mask ven-
tilation, or supraglottic airway placement may be a significant
warning sign of future difficulties. If an anesthetist encounters
airway problems, it is important to document such information
and advise the patient. To date, there is no national searchable
database of difficult airway patients in the United States; how-
ever, such databases have been started inAustria and theUnited
Kingdom.

Physical examination
Examination of the airway should start with an evaluation of
issues that would present problems during mask ventilation,
intubation, supraglottic device placement, or tracheostomy.
These components of the physical examination are listed in
Table 16.2.

Prediction of difficult airwaymanagement
Fortunately, true difficult airways are uncommon. In anesthetic
practice, not only are most patients easy to ventilate and intu-
bate, most of those who are predicted to be difficult are not.

Prediction of difficult mask ventilation
According to the ASA Task Force on Management of the Diffi-
cult Airway (2003), difficult bag–mask ventilation occurs when
the anesthetist cannot provide adequate ventilation because of
an inadequate mask seal, excessive gas leak, or excessive resis-
tance to the entry or exit of gas. The incidence of this difficulty
is small (only 1%–5% for difficult and 0.01%–0.14% for impos-
sible mask ventilation). Risk factors for difficult ventilation are
shown in Table 16.3.

Other risk factors suggested, but not proven, to cause dif-
ficulty include lack of teeth, limited mandibular protrusion,
macroglossia, massive jaw or heavy jaw muscles, and abnor-
mal neck anatomy. Additional factors that should be considered
are facial dressings or burns, skin sensitivity, and pharyngeal
pathology such as the lingual tonsil, lingual tonsillar hypertro-
phy, and a thyroglossal cyst.

Prediction of difficult intubation
Direct laryngoscopy with a rigid laryngoscope is the histori-
cal tool used for orotracheal intubation. In addition to patient
characteristics, the most important factor in determining the
success or failure of airway management is the skill of the per-
sonnel managing the airway and their ability to recognize and
react to the difficult airway. If direct laryngoscopy is predicted
to be difficult on preoperative assessment of the patient, other
approaches should be considered.
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Table 16.1. Conditions associated with difficult endotracheal intubation

Syndrome/pathology Description/difficulty

Congenital syndromes
Down’s Large tongue, small mouth make

laryngoscopy difficult; small subglottic
diameter is possible; laryngospasm is
common

Klippel-Feil Neck rigidity because of cervical vertebral
fusion

Pierre Robin Small mouth, large tongue, mandibular
anomaly; awake intubation essential in
neonate

Treacher Collins Direct laryngoscopy is difficult
Turner’s High likelihood of difficult direct

laryngoscopy

Acquired disease states
Angioedema Obstructive swelling renders ventilation

and intubation difficult
Ankylosing spondylitis Fusion of cervical spine may render direct

laryngoscopy impossible
Diabetes mellitus May have reduced mobility of

atlanto-occipital joint
Hypothyroidism Large tongue and abnormal soft tissue

(myxedema) make ventilation and
intubation difficult

Laryngeal edema
(postintubation)

Irritable airway, narrowed laryngeal inlet

Obesity Upper airway obstruction with loss of
consciousness; tissue mass makes mask
ventilation difficult

Papillomatosis Airway obstruction
Radiation therapy Fibrosis may distort airway or make

manipulations difficult
Rheumatoid arthritis Mandibular hypoplasia,

temporomandibular joint arthritis,
immobile cervical spine, laryngeal
rotation, and cricoarytenoid arthritis
make intubation difficult

Sarcoidosis Airway obstruction (lymphoid tissue)
Scleroderma Tight skin and temporomandibular joint

involvement make mouth opening
difficult

Soft tissue, neck injury
(edema, bleeding,
emphysema)

Anatomic distortion of airway, obstruction

Temporomandibular joint
syndrome

Severe impairment of mouth opening

Tetanus Trismus renders oral intubation impossible

Infection
Abscess (submandibular,

retropharyngeal,
Ludwig’s angina)

Distortion of airway may render mask
ventilation or intubation extremely
difficult

Croup, bronchitis,
pneumonia (current or
recent)

Airway irritability with tendency for cough,
laryngospasm, bronchospasm

Epiglottitis Laryngoscopy may worsen obstruction

Trauma
Basilar skull fracture Nasal intubation attempts may result in

intracranial trauma
Cervical spine injury Neck manipulation may traumatize spinal

cord
Maxillary or mandibular

injury
Airway obstruction, difficult mask

ventilation and intubation;
cricothyroidotomy may be necessary
with combined injuries

Adapted from Miller RD. Miller’s Anesthesia 2000: 5th edition; Tables 42–2
and 42–3.

Table 16.2. Components of the airway physical examination

Parameter Factors for consideration

General appearance Level of consciousness; evidence of
respiratory distress, stridor, or cyanosis;
body habitus; cervical collar or evidence
of external trauma; pregnancy and
body jewelry

Face Beard or obvious facial abnormalities that
might prevent adequate seal during
mask ventilation

Nares Patency, masses, evidence of trauma
Temporomandibular

joint
Interincisor distance (≥4 cm or 2

fingerbreadths is desirable), ability to
prognath the mandibular teeth anterior
to the maxillary teeth

Palate High arched palate or a long narrow
mouth may present difficulty

Tongue Piercings or large tongue may cause
difficulty

Submental space Thyromental distance ≥7 cm is desirable
Dentition Dentures, loose teeth, prominent upper

incisors or canines, with or without
overbite

Neck Short thick neck is associated with difficult
intubation, decreased neck mobility, or
inability to sniff

Atlanto-occipital joint extension
Direct laryngoscopy typically is performed with the patient
supine and the operator standing at the head of the bed.Thegoal
of laryngoscopy is to visualize the laryngeal opening.Therefore,
the operator attempts to position the patient in such a way as to
create a straight line between the observer and the larynx. The
three-axis alignment theory describes the airway as consisting
of the oral and pharyngeal anatomic axes, leading the laryngo-
scopist to the opening of the laryngotracheal axes (Fig. 16.1).
According to the theory, two former lines need to be in align-
ment for visualization of the vocal cords. Elevation of the head
(about 10 cm) with pads below the occiput and the shoulders
remaining on the table helps align the laryngeal and pharyngeal
axes. In addition, head extension at the atlanto-occipital joint
creates the shortest distance (almost a straight line) from the
incisors to the glottic opening. Therefore, risk factors for diffi-
cult intubation include those that prevent alignment of this axis
or anatomic structures that block direct visualization.

The “sniffing position” (Fig. 16.2), originally suggested by
Magill to help align a patient’s head during tracheal intuba-
tion, requires some degree of neck mobility (actually Magill
suggested an “elderly gentleman sniffing the early morning air”
or “draining a pint of beer”). Reduced atlanto-occipital joint

Table 16.3. Prediction of difficult mask ventilation

Body mass index >26 kg/m2

Age >55 y
Obstructive sleep apnea or history of snoring
Presence of a beard
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Figure 16.1. Ideal head position for endotracheal intubation.

extension is a predictor of difficult intubation based on mea-
surements made of the cervical spine, mandible, and upper jaw
in patients considered to be difficult to intubate. In general, neck
extension �35◦ is associated with difficulty in intubation; the
average neck extension is 54◦ to 64◦. Therefore, the range of
motion of the neck plays a large part in the prediction of dif-
ficult intubation.

Mallampati classification
In 1983,Mallampati suggested and tested the following hypoth-
esis: “If the base of the tongue is disproportionately large, it
overshadows the larynx, rendering exposure of the latter by
direct laryngoscopy poor or difficult.” From this premise, a rat-
ing system was devised comparing tongue size to pharyngeal
size. The Mallampati classification system, later modified by

Figure 16.2. Sniffing position for optimizing the airway position for ventila-
tion or endotracheal intubation.

Samsoon and Young (1987), has since become a standard prac-
tice in airway assessment (Fig. 16.3). The test is done as the
patient sits with the head in a neutral position, the mouth open,
and the tongue protruding to its limit. The airway is assessed
and classified according to the pharyngeal structures seen. The
patient is not asked to phonate during this maneuver, as it raises
the soft palate and, on average, the view of the pharynx. In addi-
tion, the test should be repeated twice to avoid false positives
and negatives. The Mallampati classification is as follows:

Class I – soft palate, pharyngeal wall, entire uvula, and pillars
Class II – soft palate, pharyngeal wall, portion of uvula
Class III – soft palate, base of uvula or no uvula
Class IV – hard palate only

The Mallampati examination is the most commonly used
test in airway assessment. It is relatively easy to perform, with
no need for extra equipment. However, it has a sensitivity of
only about 50% for predicting difficult intubation, with a high
false-positive rate. The results of the test depend a great deal
on patient cooperation and proper positioning, two factors that
have been shown to be difficult to replicate.

Figure 16.3. The modified Mallampati classification system.
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Mouth opening andmandibular space
In addition to the Mallampati classification, other screening
tests include measuring the mouth opening using interincisor
distance andmeasuring mandibular space using the thyromen-
tal distance. The former is reflected in the Mallampati exami-
nation, and although it is assessed often, it has not been shown
to be an independent predictor of difficult tracheal intubation.
Normal interincisor distance is about 4 cm.

Thyromental distance is defined as the distance from the
chin (mentum) to the thyroid cartilage notch with the patient’s
neck in an extended position. Normal distance is 6.5 to 7.0 cm.
Distances of 6.0 to 6.5 cm have been associated with difficult
laryngoscopy and those �6.0 cm with difficult intubation. The
combination of Mallampati score and thyromental distance is
one of the best overall predictors of difficult intubation.

Dentition
Although injury to a patient’s teeth during intubation is
unusual, it still is one of the most common complications of
anesthesia. In addition, prominent teeth may hinder direct
laryngoscopy by limiting the alignment of the oral and pha-
ryngeal axis during laryngoscopy. Risk factors for dental injury
and difficult laryngoscopy include prominent upper incisors or
canines or an overbite. An edentulous state can help with direct
laryngoscopy (oral axis alignment) but may cause hypopharyn-
geal obstruction by the tongue during bag–mask ventilation.

Prediction of difficult supraglottic
device insertion
Supraglottic devices often are the first rescue devices used in the
“cannot intubate, cannot ventilate” scenario. Placement of the
laryngeal mask airway (LMA) is not always easy, and seating
above the vocal cords rarely is not possible. The rate of failure
to place an LMA is 0.24%, and studies correlating the ease of
LMA insertion with Mallampati classification are controversial
at best.

Prediction of difficult surgical airway
Theemergent surgical airway is a situation of last resort formost
anesthesiologists. It is a rare event, thus there are limited data on
the prediction of difficult tracheostomy. Obese patients, partic-
ularly those with obstructive sleep apnea, may pose a problem
because excess skin and redundant tissue may impair the oper-
ation. Tracheostomy placement also may be difficult in infants
and children because of their relatively short necks.
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17 Perioperative airwaymanagement
Sibinka Bajic and Sarah H. Wiser

Airway management is fundamental to the practice of anesthe-
sia. To provide safe and effective airway management, the anes-
thesiologist must be knowledgeable in both airway techniques
and equipment. In addition, knowledge of basic airway anatomy
and an understanding of the patient’s characteristics will help
determine the appropriate approach to the patient’s airway in
clinical practice.

A general approach to airway management is outlined in
Fig. 17.1. This represents an effective preoperative exercise to
help guide perioperative airway management and the path to
be followed through the American Society of Anesthesiologists
(ASA) difficult airway algorithm.

Noninvasive airwaymaintenance techniques
The noninvasive airway maintenance technique is suitable for
procedures that allow for a local or regional anesthetic, sup-
plemented with sedation and oxygen, when general anesthe-
sia is not required. The patient needs to be cooperative and

Anticipated
difficult

intubation

Anticipated
easy

intubation

Awake
intubation

Airway
cart ready

Not confident
about mask or
SGA ventilation
after induction

Confident
about mask or
SGA ventilation
after induction

General Anesthesia
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Figure 17.1. A general approach to airway management.

to understand that light sedation may not make him or her
unaware of the surgical procedure. Furthermore, the patient
should be informed that a general anesthetic may be neces-
sary in the event of an inadequate block or a surgical/anesthetic
complication.

Nasal cannula
Supplemental oxygen may be delivered either by nasal cannula
or a simple face mask. A nasal cannula can be placed rapidly
and comfortably in most patients. The continuous flow of oxy-
gen causes nearly 80% of the gas to be wasted during expira-
tion. During quiet respiration, the fraction of inspired oxygen
content (FiO2) increases by 1% to 2% (above 21%) per each liter
of oxygen flow. The maximal level of FiO2 that can be achieved
with a nasal cannula is 40% to 50% at oxygen flows �10 L/min.
Flows �5 L/min create gas jetting into the nasal cavity, with
subsequent drying and crusting of the nasal mucosa, leading
to patient discomfort. In situations in which a higher FiO2 is
required, a face mask is a better alternative. Pooling of oxygen
beneath drapes has been a factor in operating room fires, and
caution must be exercised whenever the surgical site is proxi-
mal to the airway or oxygen source.

Face masks
The nonreservoir simple face mask is suitable for patients who
require amoderately increased level of oxygen therapy for short
periods (e.g., during an operation, medical transport, care in
the postanesthesia recovery or emergency room). The FiO2
received depends on the mask volume, pattern of ventilation,
and oxygen flow rate. At low flows, exhaled carbon dioxide is
retained in the mask, resulting in rebreathing; thus the mini-
mal flow rate should be 5 L/min. One should expect an FiO2 of
30% to 60% with flows of 5 to 10 L/min, respectively.

Two types of reservoir masks are commonly available for
use: the partial rebreathingmask and the nonrebreathingmask.
The partial rebreathing mask, a simple mask with a reservoir
bag, is considered a low-flow system. At flow rates of 6 to
10 L/min, the system can provide an FiO2 of 40% to 70%. The
nonrebreathing mask is similar to the partial rebreathing mask,
except that it has a series of one-way valves between the bag and
mask. These valves prevent exhaled air from returning to the
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Figure 17.2. Artificial airways: oropharyngeal, Ovassapian intubating airway,
and nasopharyngeal airways.

bag, thereby preventing rebreathing. Because a nonrebreathing
mask coupled with high oxygen flow (15 L/min) may provide
an FiO2 of nearly 100%, it is commonly used in intensive care
settings as a preoxygenation device prior to intubation.

During sedation with spontaneous respiration, the oxygen
saturation, pattern of breathing, and end-tidal CO2 should
be monitored continuously. The clinician should be vigilant
for potential airway compromise secondary to excessive seda-
tion. Partial airway compromise often manifests with airway
“noises.” Inspiratory noises of snoring occur as a result of
loss of pharyngeal muscle tone due to central nervous system
depression. This loss of pharyngeal muscle tone can be cor-
rected by airway maneuvers such as a head tilt/chin lift and/or
a jaw thrust, or by placement of an artificial (nasal or oral) air-
way (Fig. 17.2). Inspiratory noises of stridor or “crowing” may
indicate serious and impeding laryngeal obstruction or laryn-
gospasm, which should be recognized rapidly and treated with
positive pressure ventilation and/or removal of airway secre-
tions. This may require deeper anesthesia and airway control if
not resolved quickly. The total lack of respiratory noises com-
bined with ongoing inspiratory effort (e.g., suprasternal and
costal retractions) occurs in the setting of total airway collapse
and must be treated immediately.

Oro- and nasopharyngeal airway
Theoropharyngeal airwaymay be used for airway patency or as
a bite block (Fig. 17.2). It is a hollow, rigid structure with a prox-
imal flange, bite block, and curvature that mimics the contour
of the airway. It is contraindicated if pharyngeal and laryngeal
reflexes are intact, as it may lead to gagging with regurgitation
or laryngospasm. Other potential complications include airway
trauma during insertion and airway obstruction.

Alternatively, the nasopharyngeal airway is used to main-
tain upper airway patency and is better tolerated in sedated or

lightly anesthetized patients, even if pharyngeal and laryngeal
reflexes are intact (Fig. 17.2). It is a curved cylinder made of
one of several pliable materials, with a proximal flange to pre-
vent overinsertion into the airway, and is beveled on one side
to minimize mucosal trauma. Contraindications to nasopha-
ryngeal airway use include nasal airway obstruction, nasal and
basilar skull fractures, a markedly deviated septum, coagulopa-
thy, and cerebrospinal fluid rhinorrhea. Complications include
epistaxis, nasopharyngeal submucosal tunneling, and pressure
sores.

Invasive airwaymaintenance techniques
Bag–mask ventilation
Bag–mask ventilation is minimally invasive and remains the
mainstay to assist or control ventilation in the peri-induction/
emergence period of a general anesthetic, for the delivery of an
anesthetic, and during resuscitation.Themost important aspect
of effective mask ventilation is achieving a good mask seal. An
adequate mask seal requires proper handling of the mask and
often placement of the patient’s head and neck in the “sniffing”
position.The sniffing position is flexion of the neck at the lower
cervical vertebrae with extension at the atlanto-axial joint. In
the supine patient, the sniffing position can be achieved eas-
ily by placing a small ring or folded blanket under the patient’s
head to flex the neck and tilt the head backward.

There are two techniques for holding a mask, the one-
handed and two-handed/two-person techniques. The one-
handed technique involves placement of the mask onto the
patient’s face with the thumb and index fingers around the cir-
cuit connecter of themask, down-placing themask onto the face
with concurrent upward displacement of the mandible with the
remainder of the fingers, known as a “jaw thrust” (Fig. 17.3).
This technique frees the other hand for delivery of positive
pressure breaths by squeezing the reservoir bag. Difficulty with
mask ventilation is encountered in elderly, obese, edentulous,

Figure 17.3. Proper finger/hand position during one-handed bag–mask
ventilation.
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Figure 17.4. Disposable LMA (left) and ProSeal
LMA (right).

or bearded patients, as well as in patients with a history of
obstructive sleep apnea. In such instances, a two-handed/two-
person technique may be required to deliver adequate venti-
lation. Here, the primary operator acts to ensure a good seal
between the mask and the patient’s face while performing a
bilateral jaw thrust and mask seal with both hands; the sec-
ond operator ventilates the patient by squeezing the reservoir
bag. One should be cautious not to cause trauma to the eyes
or branches of the facial and trigeminal nerves while providing
mask ventilation.

Whenever mask ventilation is used, no more than 15 to
20 mm Hg of positive pressure should be required, unless
pulmonary pathology or obesity is present. Applying higher
pressure may lead to gastric insufflation, compromise of oxy-
genation, regurgitation, and/or aspiration. If greater pressure is
required or difficult ventilation is present, the clinician should
adjust the mask fit, try a two-handed technique, and consider
placement of oro/nasopharyngeal airway devices. If initial trou-
bleshooting is unsuccessful, more “invasive”methods should be
considered.

Supraglottic devices
Supraglottic devices are designed to keep the airway patent
without entering the larynx. Several types of supraglottic
devices are available; the one most commonly used is the
Laryngeal Mask Airway (LMA). Recently, many new supra-
glottic devices became available that vary by material com-
position, shape, and, in some instances, functionality. The
Combitube has been used largely in rescue/emergency airway
situations. Another device, the King laryngeal tube (King LT;

King Systems, Noblesville, IN), has been used increasingly
for standard anesthetic procedures. The latter two devices are
promoted as conferring some protection against aspiration,
although randomized controlled trials are lacking to confirm
this potential benefit. In general, supraglottic devices are indi-
cated for nonemergent anesthetic cases, in healthy patients
without the risk of aspiration, and for routine, short procedures.
Outside these indications, they may be used for rescue when
tracheal intubation fails or is not available.

Laryngeal Mask Airway
The LMA (Fig. 17.4) is composed of an airway tube with a stan-
dard 15-mm anesthetic connector at the proximal end and an
inflatable mask at the distal end. As with cuffed endotracheal
tubes (ETTs), inflation is controlled by a pilot balloon system.
The opening of the airway tube is covered by two bars to pre-
vent the epiglottis from being trapped in the airway tube, which
might cause obstruction of airflow. Once inserted, the LMA sits
in the hypopharynx with the opening overlying the laryngeal
entrance and the tip of the mask within the upper esophageal
sphincter. The LMA, an alternative to mask ventilation and
tracheal intubation, is used in 35% of all general anesthetic
cases in the United States. In addition, the LMA is a useful
tool in the ASA difficult airway algorithm as a rescue device in
patients with unexpected difficult airways or as a conduit for
intubation.

When correctly placed, the LMA can seal the hypopha-
ryngeal space and allow for spontaneous or positive pressure
ventilation of up to 20 cm H2O pressure. Although the LMA
will protect the larynx from oropharyngeal secretions, it was
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Figure 17.5. LMA insertion technique.

not designed to protect the airway from regurgitated contents.
However, reports of aspiration are rare. The LMA is best suited
for nonemergent, short procedures in supine ASA I or ASA
II patients with no risk of aspiration. However, the LMA has
been used for airway management in a wide variety of cases,
including transesophageal echocardiography, cardioversions,
head and neck operations, pulmonary procedures, surgery in
patients in a nonsupine position, and laparoscopic cholecystec-
tomies. Contraindications for elective LMA placement include
patients who have not fasted; laboring women; and any patient
with risk of pulmonary aspiration, hiatal hernia with significant

positional gastroesophageal reflux disease (GERD), oropharyn-
geal, glottic or subglottic airway obstruction; poor pulmonary
compliance; or a limited mouth opening.

Multiple techniques for placing an LMA have been describ-
ed. However, to ensure proper placement of the LMA, the rec-
ommended technique is the one described by its inventor, Dr.
Archie Brain (Fig. 17.5). This technique involves the following:

� Completely deflating and lubricating the mask (however,
some trials have shown greater success with partial cuff
inflation)
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� Holding the LMA with the dominate hand, with the index
finger between the airway tube and the mask

� Placing the patient’s head and neck in the sniffing position
and widening the oropharyngeal angle by placing the
nondominant hand at the vertex of the head to open the
mouth, allowing for visualization of the hard palate

� Inserting the LMA by flattening the mask against the hard
palate and advancing the LMA posteriorly with the index
finger while maintaining cranial pressure

� Removing the index finger of the dominant hand
� Inflating the mask, upon which the LMA lifts out by 1 to

2 cm and the cricoid cartilage moves forward. Once the
LMA is inflated, the anesthesia circuit can be connected for
conformation of adequate ventilation, with either
spontaneous or controlled ventilation (with or without
muscle relaxation).

Several LMA types and sizes are available (made by LMA Inc.,
San Diego, CA), including LMA Classic and its disposable ver-
sion (LMA Unique); LMA ProSeal, which has a separate port
used to verify its position and can accommodates a tube for gas-
tric suctioning, and its disposable version (the LMA Supreme);
LMA Fastrach, or intubating LMA, designed to facilitate blind
or fiber-optically guided endotracheal intubation; and the LMA
CTrach, which adds video capability to the Fastrach. A variety
of adult and pediatric sizes are available, and appropriate size
selection and cuff inflation is vital for a successful LMA seal
(Table 17.1). With proper use, the incidence of gastric content
aspiration with an LMA is equal to that of the tracheal tube.

Finally, it is important to be aware of complications of LMA
insertion, including sore throat, vascular compression due to
an overinflated and improperly positioned device, mucosal
injury, and neurapraxias. The lingual, hypoglossal, and recur-
rent laryngeal nerves are the three most commonly involved in
LMA-related nerve injury.

Combitube
The Combitube is a double-cuffed, double-lumen tube that
allows ventilation and oxygenation with either tracheal or
esophageal intubation. It is used occasionally for routine anes-
thesia, emergency airway control (during cardiopulmonary
resuscitation), and difficult airwaymanagement (massive upper

Table 17.1. Recommended LMA size
according to various patient weights

LMA size Weight, kg

1 <5
1 1
2 5–10

2 10–20
2 1
2 20–30

3 30–50
4 50–70
5 70–100
6 >100

Figure 17.6. Cross-section of the Combitube.

gastrointestinal bleed, massive regurgitation, or unanticipated
difficult intubations). Distally, the “pharyngeal” lumen is blind
and has eight perforations at the level between the cuffs. The
second lumen is “tracheoesophageal” and is open distally. The
proximal balloon (oropharyngeal) is located at the middle por-
tion of the Combitube, and the distal cuff (tracheoesophageal)
is located at the distal end (Fig. 17.6). A unique tube design
allows ventilation both when the Combitube is inserted into the
esophagus (via the perforations of the pharyngeal lumen) and
when it is inserted into the trachea, through the opened distal
end of the tracheoesophageal lumen. In either case, the prox-
imal or oropharyngeal balloon seals the oral and nasal cavity
after inflation, and the distal conventional tracheal tube cuff iso-
lates the respiratory from the gastrointestinal tract. It is impor-
tant to remember that the oropharyngeal balloon is made of
latex. When it is inserted, the teeth or alveolar ridge should fall
between the two black rings printed on the proximal end of the
double-lumen tube indicating the limit of insertion.

The Combitube is available in two sizes: 37F fits patients
who are 4 to 6.5 feet tall, and 41F fits those taller than 6 feet,
with some overlap. It is inserted “blindly,” with 90% of Com-
bitube placements resulting in an esophageal position, and
ventilation is carried out via the perforations of the pharyn-
geal lumen. Advantages of the Combitube include rapid air-
way control and protection from aspiration, no requirement for
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Figure 17.7. King LT in proper position. The bigger balloon is the pharyn-
geal balloon; the smaller one is the esophageal balloon.

visualization of the larynx, and the ability to maintain the neck
in neutral position. Contraindications include the presence of
esophageal obstruction or other pathology, upper airway for-
eign body, intact gag reflex, lower airway obstruction, patients
with latex allergy, and patients �4 feet tall. Reported com-
plications include laceration of the esophageal wall and pyri-
form sinus, as well as complications similar to those of the
LMA.

King laryngeal tube
The King LT consists of a silicon airway tube and two (distal
and proximal) low-pressure cuffs (Fig. 17.7). The airway tube is
short and J-shaped (with approximately a 130◦ midshaft angle)
and has a blind tip. The King LT has two ventilation outlets
located on the ventral aspect of the tube, between the two cuffs.
When the tube is inserted correctly, the proximal cuff lies in
the pharynx and the distal cuff in the upper esophagus; both
cuffs inflate simultaneously via a single inflation line. The King
LT is designed for use during spontaneous or controlled venti-
lation. Spontaneous or positive pressure ventilation occurs via
the midcuff openings. It is reusable (a disposable version also
is available) and can be inserted “blindly” or with the aid of the
laryngoscope. Inadvertent tracheal intubation occurs rarely. Six
sizes are available, and size selection is based on the patient’s
weight (sizes 0–2) and height (sizes 3–5). The King LT is not
appropriate for patients with an increased risk of aspiration,
poor lung compliance, increased airway resistance, or lesions
of the oropharynx or epiglottis.

Laryngeal tube suction (LTS; King Systems) is similar to the
King LT but incorporates a second, posterior esophageal lumen.
This esophageal lumen represents a release valve for increases in
gastric pressure and permits gastric suctioning.

Endotracheal intubation
Perioperative endotracheal intubation provides a means for
airway patency and protection, mechanical ventilation, and
the ability to remove tracheobronchial secretions in the anes-
thetized patient. Primary surgical indications for endotracheal
intubation are prevention of loss of the airway, complicated
cases (requiring a significant proportion of time to be focused
on nonairway tasks), unusual positioning for surgery, cases in
which high airway pressures may occur, and those in which
gas exchange is likely to be impaired. Primary patient indi-
cations for endotracheal intubation include airway protection,
the need for close control of end-tidal CO2, and postopera-
tive intubation. A secondary need for tracheal intubation arises
when surgical or anesthetic complications occur, such as high
spinal, massive blood loss; malignant hyperthermia; or inade-
quate regional anesthesia.

Orotracheal intubation is the commonest route of intuba-
tion for general anesthesia and cardiopulmonary resuscitation
(Fig. 17.8). The nasotracheal approach is reserved for surgi-
cal procedures requiring free access to the oropharynx or for
patients with limited access to the oral cavity. Standard ETTs
aremade of polyvinyl chloride and shaped to follow the contour
of the airway. However, the shape and rigidity of the ETT may
be altered by inserting a stylet through the tube. It is important
to note that the proximal end of the stylet should not protrude
from the ETT, as it may cause trauma to the airway. ETTs usu-
ally have a lateral opening at the proximal end (Murphy’s eye) to
prevent occlusion. Besides the standard ETTs, wire-reinforced
flexible tubes (armored) and preshaped tubes (oral and nasal)
are available. Armored tubes are resistant to kinking and occlu-
sion and therefore are preferable for use in head and neck and
prone-position surgeries.

To ensure a proper seal in the trachea, cuffed ETTs are avail-
able. Cuffed ETTs consist of a balloon at the proximal end,
which can be inflated via a pilot cuff. These cuffs may be high
pressure (low volume) or low pressure (high volume). High-
pressure cuffs may cause tracheal mucosal ischemia, especially
if tracheal intubation is continued for lengthy cases. Low-pres-
sure (high-volume) cuffs may cause sore throat (large surface
area) and provide an improper seal to guard against aspiration.

Selecting the proper ETT size is important. Larger tubes
provide better airway gas flow, whereas smaller ones cause less
airway trauma. For an adult male, about a size 8.0 (internal
diameter in millimeters) is preferable, whereas about a size 7.0
is preferred for an adult female. In children, ETT size can be cal-
culated by the formula 4+ age/4. For example, in an 8-year-old
child, one can use a 6.0 ETT. Uncuffed ETTs generally are used
for children �5 years old.

Standard intubation technique utilizes direct laryngoscopy.
There aremany types of laryngoscopes and blades available, but
the two in most widespread use are the Macintosh (curved)
blade and Miller (straight) blade. Other available blades have
different angles of curvature, lengths, optical components, and
even movable parts.
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Figure 17.8. (A) Orotracheal intubation. (B) Nasotracheal intubation.

The Macintosh blade is designed to be advanced into the
vallecula (space between the base of the tongue and the lin-
gual surface of the epiglottis), and its blade displaces the tongue
and soft tissues forward, exposing the larynx. Advantages of the
Macintosh blade include less trauma to the teeth, more space
in the oro- and hypopharynx for passage of the ETT, and less
bruising and damage to the epiglottis. TheMiller straight blade
is designed to lift the epiglottis to expose the vocal cords. The
Miller blade may produce a better view of the glottic open-
ing compared with curved-type blades. However, its blade flat-
tens tissue with less displacement, thus providing less space
for passage of the tube. The Miller blade is more advantageous
in patients with a small mandibular space, large incisors, or a
large epiglottis, whereas the Macintosh blade may be better for
patients with a small mouth (Fig. 17.9).

Preparation for general anesthesia and tracheal intuba-
tion should include appropriate airway equipment checked
for proper function, an oxygen source, suction, and a flowing
intravenous line; anesthetics and muscle relaxants of choice;
proper patient positioning; and preoxygenation. The latter also
is termed denitrogenation and involves replacement of the lung’s
nitrogen volume with oxygen, so an oxygen reservoir is present
after the onset of apnea. Preoxygenation is performed by plac-
ing a tightly fitting face mask and delivering 100% oxygen for
5 minutes to a spontaneously breathing patient. Without pre-
oxygenation, arterial desaturationmay occur after 1.5 to 2 min-
utes of apnea, whereas a healthy preoxygenated patient will not
develop desaturation until after about 7 or more minutes of
apnea. An alternative method that is less time-consuming is
to ask the patient to take eight vital capacity breaths of 100%
oxygen.

Successful laryngoscopy requires proper positioning of the
patient to gain adequate visualization from the lips to the glot-
tis.Themost frequently used position for intubation is the sniff-
ing position (described earlier). This position creates maximal

alignment of the axes of the airway, allowing direct visualization
of the glottis. The typical technique for laryngoscopy includes
the following steps: (1)The laryngoscope is held in the left hand.
(2) The mouth is opened with a scissoring motion of the right
thumb and index finger on the teeth or gingiva. (3) The laryn-
goscope is inserted into the right side of patient’s mouth and
advanced toward the epiglottis while sweeping the tongue to
the left. (4) With the wrist held straight, the laryngoscopist’s
arm and shoulder lift the tongue and pharyngeal soft tissue in
an anterior and caudal direction to expose the glottic opening.

Figure 17.9. Miller blades (left 3) and Macintosh (right 2).
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Figure 17.10. View of the vocal cords. Grade I: the entire glottic opening is visualized. Grade II: only the posterior aspect of the glottic opening is visualized.
Grade III: only the tip of the epiglottis is visualized. Grade IV: only the soft palate is visualized.

(5) The ETT is passed through the glottic opening from the right-
hand side to avoid obstruction of the glottic view during inser-
tion. The laryngoscopist should never use the blade as a lever,
as this may cause significant damage to the teeth or gingiva.

The view of the larynx and vocal cords may be complete,
partial, or impossible. Four grades of laryngeal views were
described by Cormack and Lehane (Fig. 17.10).

If a good laryngeal view is not achieved during laryn-
goscopy, external laryngeal manipulation of the cricoid car-
tilage may improve the view. Furthermore, many types of
intubation guides and stylets have been designed and are useful
during difficult laryngoscopy. Intubation using an introducer
known as a bougie is an essential adjunct to direct laryngoscopy.
Many of the available bougies have a curved distal tip that
allows for intubation into the trachea, even with suboptimal
views (grade II or III). The bougie is “hooked” beneath the

epiglottis and advanced into the trachea. A tactile click may be
sensed as the tipmoves over the tracheal rings; if the tactile sen-
sation is smooth, the bougie likely has passed into the esophagus
and should be repositioned. Once the bougie is in the trachea,
the ETT can be placed over the bougie.

Nasotracheal intubation (Fig. 17.8b) typically is reserved
for surgical procedures requiring free access to the oropharynx
(e.g., maxillofacial surgery) and when there is limited access
to the oral cavity. An ETT 0.5 to 1 mm smaller than that
planned for oral intubation is selected. If a difficult airway is
not anticipated, the naris is prepared with a vasoconstrictor
(phenylephrine drops), and a lubricated ETT is passed through
the nose after induction. A laryngoscope (direct, fiberoptic, or
video) often is used to advance the tube under visual guid-
ance. Manipulation of the head position, larynx, or ETT with
Magill’s forcepsmay be needed to guide the ETT into the larynx.

Figure 17.11. Various endotracheal tubes. From
left to right: armored, regular, nasal RAE, and oral
RAE tubes.
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Relative contraindications of nasotracheal intubation include
basal skull fractures, coagulopathy, planned systemic antico-
agulation or thrombolysis, and elevated intracranial pressure.
Complications include epistaxis (seen with inadequate topi-
cal vasoconstriction, large tube size, and anatomic abnormal-
ities), retropharyngeal laceration/abscess, turbinectomy, and
paranasal sinusitis (with prolonged nasotracheal intubation).

Proper placement of the ETT can be verified by a vari-
ety of methods. The gold standard techniques include visual-
ization of the ETT passing between cords, bronchoscopy, and
sustained detection of the end-tidal CO2. Other techniques
of confirmation include auscultation of both lung fields and
the stomach, chest expansion, condensation in the ETT dur-
ing exhalation, palpation of the cuff in the suprasternal notch,
expansion of a self-inflating bulb applied to the ETT, and chest
radiography. If breath sounds are heard unilaterally, a main-
stem bronchial intubation should be suspected, and the ETT
should be withdrawn until breath sounds are auscultated bilat-
erally. Additional complications of laryngoscopy and endotra-
cheal intubation include (1) airway trauma (damage to teeth,
lips, tongue, pharynx, vocal cords, arytenoid cartilages, or tra-
chea), (2) physiologic responses to airwaymanipulation (hyper-
tension, tachycardia, increase in ocular or intracranial pressure,
laryngospasm), (3) tube malposition (esophageal or endo-
bronchial placement, unintentional extubation), and (4) tube
malfunction (cuff perforation, ignition, and obstruction).

Airway injury remains a common anesthetic complication.
Approximately 6% of all recent anesthesia-related injury claims
were for airway injury, with the most frequent sites of injury
being the larynx (33%), pharynx (19%), and esophagus (18%).
According to Closed Claims Project data, injuries to the esoph-
agus and trachea were more frequently associated with dif-
ficult intubation, whereas injuries to the temporomandibular
joint and larynx were more frequently associated with non-
difficult intubation. The incidence of dental injuries during
airway manipulation is approximately one per 2073 patients,
with maxillary incisors being the most frequently injured teeth.
Compared with patients with normal teeth, those with poor
dentition are three times more likely to have dental injuries if
they are easy to intubate and a 20 times more likely if they are
moderate to difficult to intubate.

Rapid sequence induction
In the rapid sequence induction (RSI) of anesthesia, after
adequate preoxygenation, intravenous administration of an
induction agent is quickly followed by a rapidly acting neu-
romuscular blocking agent with the application of constant
cricoid pressure (Sellick’smaneuver, 30-40N) prior to the loss of
consciousness. Cricoid pressure causes the downward displace-
ment of the cricoid cartilage (a complete signet-shaped ring)
against vertebral bodies so that the esophagus or hypophar-
ynx lumen is compressed. Direct laryngoscopy and endotra-
cheal intubation are performed following the onset of muscle
relaxation. This technique minimizes the time between loss

of consciousness and intubation and theoretically confers
increased protection against pulmonary aspiration. It is indi-
cated in patients undergoing general anesthesia with a high
risk of aspiration of gastric contents (full stomach, impaired
gastroesophageal sphincters, delayed gastric emptying, loss of
protective airway reflexes). Patients at risk include those who
are in labor, morbidly obese, or diabetic; patients with posi-
tional GERD; and those undergoing emergency procedures.
However, the effectiveness of cricoid pressure has been ques-
tioned recently. MRI studies revealed that the esophagus is dis-
placed laterally relative to the cricoid in more than 50% of
normal patients without cricoid pressure and that this propor-
tion reaches 90% when cricoid pressure is applied.

Classic RSI precludes the ability to “test” the airway with
mask ventilation. In theory, a muscle-relaxed patient who can-
not be intubated or mask ventilated might be encountered. If
such a situation arises, the clinician should follow the ASA dif-
ficult airway algorithm emergency pathway sequence. Many
leaders in the field are now questioning the necessity of not ven-
tilating RSI patients prior to intubation. A review of the litera-
ture has shown that the reason for omitting ventilation during
RSI is based on marginal, anecdotal evidence.

Extubation
The time of emergence and tracheal extubationmay be a vulner-
able period for patients. The ASA Task Force on Management
of the Difficult Airway commented that since their publication
of the original guidelines in 1993, there has been little change
in extubation-related claims. During extubation, there is risk
of aspiration, laryngospasm, bronchospasm, airway obstruc-
tion, vocal cord paralysis, hypertension, or hypoventilation.
Extubation criteria include return of consciousness and spon-
taneous respiration, ability to follow simple commands, intact
gag reflex, sustained head lift for 5 seconds (the resolution
of neuromuscular blockade), adequate pain control, and sta-
ble vital signs. Objective extubation criteria include respira-
tory rate �30/min, tidal volumes �5 ml/kg, vital capacity �10
ml/kg, peak negative inspiratory force of −20 cm H2O, dead
space/tidal volume ratio of�0.6, PaO2 �70mmHg, and PaCO2
�55mmHg on an FiO2 of 40%.The patient is asked to open his
or her mouth, and secretions and/or blood are removed with a
suction catheter. The ETT is removed after the cuff is deflated.
Because of the risk of hypoxia due to hypoventilation and dif-
fusion hypoxia, it is essential to have an oxygen source avail-
able at the time of extubation. Patients who presented with a
difficult airway at the induction of anesthesia should be consid-
ered at risk for extubation failure. Preparation for extubation
includes performance of the leak test (air escape when the ETT
is cuff deflated), pre-extubation oxygenation, full neuromus-
cular blocking agent reversal, and verification of the patient’s
ability to follow commands. In cases of prolonged intubation or
suspected airway edema, a leak test may be performed to detect
air escape when the ETT cuff is deflated. If there is any antici-
pation of difficulty, advanced airway rescue equipment should
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be available. An airway exchange catheter (a hollow-lumen tube
placed in the trachea via the ETT) may be used if there is sus-
picion of extubation failure. On ETT removal, the catheter may
be left in place for minutes to hours and facilitates a “Seldinger-
like” reintubation or is used for oxygen insufflation.

Suggested readings
American Society of Anesthesiologists Task Force on Management of

the Difficult Airway. Practice guidelines for management of the
difficult airway. Anesthesiology 2003; 98:1269–77.

Benumof JL. Preoxygenation: best method for both efficacy and
efficiency [editorial]. Anesthesiology 1999; 91:603–605.

Cormack RS. Laryngoscopy grades. Anaesthesia 1999; 54(9):911–2.
Gambee AM, Hertzka RE, Fisher DM. Preoxygenation techniques:

comparison on three minutes and four breaths. Anesth Analg 1987;
66:468–470.

Gold MI, Duarte I, Muravchick S. Arterial oxygenation in conscious
patients after 5 minutes and after 30 seconds of oxygen breathing.
Anesth Analg 1981; 60:313–315.

Hagberg CA. Benumof’s Airway Management, Principles and Practice.
2nd ed. Philadelphia: Mosby Elsevier; 2007.

Keller C, Brimacombe J. Mucosal pressure, mechanism of seal, airway
sealing pressure, and anatomic position for the disposable versus
reusable laryngeal mask airways. Anesth Analg 1999;
88:1418–1420.

Langeron O, Masso E, Huraux C, et al. Prediction of difficult mask
ventilation. Anesthesiology 2000; 92:1229–1236.

Rosenblatt WH.The Airway Approach Algorithm: a decision tree for
organizing preoperative airway information. J Clin Anesth 2004;
16:312–316.

Rosenblatt WH. Airway Management. In: Barash PG, Cullen BF,
Stoelting RK, eds. Clinical Anesthesia. 5th ed. Philadelphia:
Lippincott Williams and Wilkins; 2006:595–642.

Vanner R. Cricoid pressure. Int J Obst Anes 2009; 18:103–105.

111



Chapter

18 Management of the difficult airway
Essi M. Vulli and Wariya Sukhupragarn

Management of a difficult airway is one of themore challenging
tasks for an anesthesiologist. It necessitates dexterity with vari-
ous airway devices and techniques as well as the ability to adapt
rapidly to complex and evolving situations involving diverse
patient factors and clinical scenarios. Competency in dealing
with a difficult airway is expected of all anesthesiologists and
is of critical importance, for it can have a profound impact on
patient outcome (death, brain injury, cardiopulmonary arrest,
unnecessary tracheostomy, and airway trauma). The Ameri-
can Society of Anesthesiologists (ASA) Closed Claims Project
database demonstrates that difficult intubation is the second
most frequent primary damaging event leading to anesthesia
malpractice claims.

Definition
In 2003, the ASA Task Force on Management of the Diffi-
cult Airway published an updated report that defined the dif-
ficult airway as “the clinical situation in which a conventionally
trained anesthesiologist experiences difficulty with face mask
ventilation of the upper airway, difficulty with tracheal intuba-
tion, or both.” This publication includes a revised difficult air-
way algorithm (DAA), which is a simple yet invaluable tool to
guide the practitioner in these situations (Fig. 18.1). As stated
in Current Anaesthesia and Critical Care journal, an alternative
and often-used definition of a difficult airway is a “an intubation
requiring more than three attempts at laryngoscopy or taking
longer than ten minutes.”

Preoperative evaluation of the airway is of paramount im-
portance. It allows the practitioner to anticipate problems with
mask ventilation and/or intubation. This evaluation includes a
concise medical history, review of previous anesthesia docu-
mentswhen available, and a focused physical examination. Such
an evaluation should be performed whenever possible prior to
induction of anesthesia.

Difficult airway algorithm
A practitioner enters the DAA by first examining the airway
and making a premanagement decision of awake intubation
(entrance point A) or airway control after the induction of
general anesthesia (entrance point B). In doing so, the practi-
tioner either anticipates difficulty with airway manipulation or
feels that no difficulty should be encountered. In this context,

“airwaymanipulation” should be interpreted asmeaning supra-
glottic airway (SGA) ventilation (mask ventilation, laryngeal
mask airway [LMA], or other SGA device) and/or endotracheal
intubation.The importance of this distinction is to stress that it
is not only anticipated intubation but also anticipated difficulty
with ventilation that should drive a practitioner to proceed with
caution and to perhaps choose option A.

Alternative airway devices and techniques
This section discusses the many devices and techniques avail-
able to assist the practitioner when a difficult airway is encoun-
tered. They may be of particular use in situations involving
unsuccessful initial intubation attempts after induction of gen-
eral anesthesia (i.e., most commonly, failed conventional direct
laryngoscopy) or when conventional mask ventilation is diffi-
cult, or both.

If the clinician encounters the cannot-intubate/cannot-
ventilate situation, it is imperative to consider (1) calling for
help, (2) returning to spontaneous ventilation, and/or (3) awak-
ening the patient. The following devices and techniques are
helpful in these critical situations, but calling for help early is
critical.

Laryngeal Mask Airway (LMA)
As discussed in Chapter 17, the LMA was developed by Archie
Brain and first introduced into clinical practice in Great Britain
in the mid-1980s; it was approved for use in the United States
by the US Food and Drug Administration in 1991. The LMA
is recognized by the ASA as a critical tool for the difficult air-
way patient. It appears in the 2003 iteration of the DAA as
the third recommended strategy after failed “laryngoscopy/face
mask ventilation.” Although each of the three mentioned tech-
niques – laryngoscopy,mask ventilation, and LMA– is expected
to fail in one to three in 1,000 patients, unanticipated failure of
all methods is expected to occur in fewer than one in 500,000
cases.The LMA ProSeal (LMA Inc., San Diego, CA)may add to
this resuscitation potential by allowing the rescuer to empty the
stomach.

The LMA Fastrach (LMA Inc.), also known as intubating
LMA (ILMA), was developed by Brain and introduced into
clinical practice in 1997 (Fig. 18.2). The Fastrach has been
used for patients with normal and anticipated difficult airways,



Chapter 18 – Management of the Difficult Airway

Figure 18.1. The difficult airway algorithm (Anesthesiology, Vol. 98, #5, May 2003, Page 1273).
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Figure 18.2. LMA Fastrach.

immobilized cervical spines, and airways distorted by tumors,
surgery, or radiation therapy and for patients wearing stereotac-
tic frames. It was designed for use as a tool for blind endotra-
cheal intubation. It consists of an anatomically curved steel tube
and handle that allows for easy insertion, following the palate
(as will all laryngeal masks) without the need to insert fingers
into the oral cavity ormove the patient’s cervical spine. Further-
more, the steel handle allows the clinician to direct the aper-
ture of the LMA during intubating attempts. The ILMA can be
used to introduce an endotracheal tube (ETT) up to 8.5 mm in
diameter.

During Fastrach insertion, the head and neck are kept in the
neutral position with the device handle parallel to the patient’s
chest. With the cuff fully deflated, the Fastrach distal tip is
placed against the palate and rotated along the palate and poste-
rior pharyngeal wall until resistance is met. The cuff is inflated
to a pressure of not more than 60 cm H2O.

Once in situ, the Fastrach is used as a ventilation device. It
is advised that the operator continually support the handle dur-
ing ventilation and subsequent intubation attempts. One rec-
ommended technique consists of two separate movements used
to optimize both Fastrach ventilation and blind intubation.The
first step involves using the handle to rotate the Fastrach in the

sagittal plane until the best ventilation is obtained. The second
movement involves lifting the Fastrach slightly from the pos-
terior pharynx using the handle. These two steps allow for easy
placement of the ETT through the device. Once the position has
been optimized, a lubricated ETT is blindly placed via the Fas-
trach. If intubation fails, the up–down maneuver (whereby the
Fastrach is rotated out by 6 cm and then back into the airway
with the cuff inflated) reseats the epiglottis. A new-generation
Fastrach, the LMA CTrach includes a handle-mounted mon-
itor that allows the operator to view the glottis during intu-
bation.

Once endotracheal intubation is done successfully, the next
step is to remove the ILMA. This should be done with extreme
caution so as not to extubate the patient. The ETT adapter is
removed, and the cuff is deflated. A stylet is used to push the
ETT down while gently pulling the LMA out. The adapter is
then put back in the ETT, the cuff is inflated, and ventilation
is checked for end-tidal CO2 (ETCO2). Some have advocated
leaving both the ETT and the LMA in place, particularly when
this technique has been used in a difficult airway. As with all
new devices, it is strongly advised that the operator use the Fas-
trach and CTrach on normal patients prior to applying them to
difficult airway scenarios.

Endotracheal tube guides
Numerous ETT guides are available. These devices serve as
“Seldinger-like” conduits over which an ETT may be passed
into the trachea and/or one endotracheal tube may be ex-
changed for another. One of the most commonly used tube
guides is the gum elastic bougie with a coudé tip (angled up).
During a direct laryngoscopy with a poor laryngeal view, the
bougie is threaded under the epiglottis and passed blindly into
the trachea. As the coudé tip gently moves across the anterior
tracheal wall, the practitioner can appreciate the cartilaginous
tracheal rings. Failure to appreciate the rings means proba-
ble esophageal placement, and the bougie is repositioned. ETT
guides are capable of traumatizing and even perforating the air-
way or esophagus. Care should be taken not to advance the
guide beyond the carina. During advancement of the ETT over
the guide, the use of jaw thrust, laryngoscopy, and/or a rotating
movement (90◦ counterclockwise) of the ETTmay decrease the
risk of entrapping glottic structures.

The Aintree AEC ETGuide (Cook Critical Care, Blooming-
ton, IN) is designed to be used in conjunction with a flexible
fiberoptic bronchoscope (FOB) (Fig. 18.3). This guide is a 19F
hollow polyethylene tube through which a pediatric-sized FOB
may be passed. It is supplied with Rapi-Fit adapters for attach-
ment to a ventilation circuit or high-pressure oxygen source. An
Aintree guide/FOB technique may be used for placing an ETT
after airway rescue with an LMA or other SGA.

Lighted stylets
Lighted stylets serve to transilluminate the soft tissue structures
of the anterior neck to direct the ETT into the trachea. As the
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Figure 18.3. Aintree Airway Exchange Catheter.

stylet enters the glottic opening, this transillumination is seen
as a distinct glow immediately below the thyroid prominence. A
more diffuse glow is seen if the stylet tip is located in the esoph-
agus. The Trachlight (Laerdal Medical Corp. Armonk, NY; Fig.
18.4) has a reusable handle, a flexible disposable wand, and a
stiff retractable stylet. This device has an improved light source
compared with older models. The stylet allows the ETT to be
molded to a 90◦ angle for better transillumination and then eas-
ily advanced into the trachea as the stylet is retracted. Rigid and
semirigid fiberoptic stylets are now available with or without
video-assisted technology. Examples of these include the Seeing
Optical Stylet (SOS; Clarus Medical, Golden Valley, MN), Bon-
fils Retromolar Intubation Fiberscope (Karl Storz GmbH, Tut-
tlingen, Germany), Weiss video-optical intubation stylet, and
Nanoscope (Nanoptics, Inc., Gainesville, Florida).

Lighted stylets such as the Trachlight may be inappropriate
for patients with known airway abnormalities such as tumors,

Figure 18.4. Trachlight.

infections/abscesses, foreign bodies, and trauma.They are rela-
tively contraindicated in obese patients and those with limited
neck extension (transillumination may prove difficult).

Indirect fiberoptic laryngoscopes
New laryngoscopic devices have all but abandoned the concept
of direct laryngoscopy in favor of indirect visualization of the
larynx.The earliest of thesemodern devices is the Bullard laryn-
goscope (Circon Corp., Stamford, CT; Fig. 18.5). The Bullard

Figure 18.5. The Bullard laryngoscope.
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Figure 18.6. Video Macintosh intubating laryngoscope system (used with
permission).

incorporates an anatomically curved blade that facilitates visu-
alization of the larynxwithout the need for a wide-mouth open-
ing or neck extension. A fiber-optic bundle runs along the
posterior aspect of the blade and ends near the distal aspect.
Light can be supplied from a standard battery laryngoscope
handle or via a fiberoptic cable from a high-intensity light
source. The eyepiece can be used directly or with a camera
that transmits the image to a video screen. A working channel
located on the posterior aspect of the blade can be used for suc-
tion, insufflation of oxygen, or administration of saline flush or
local anesthetics. The Bullard has a detachable stylet (one stylet
version is hollow for passage of an ETT exchange catheter). As
with any airway device, proficiency comes only with practice in
nonchallenging airway situations.

Newer video-laryngoscopes incorporate image technology
into the distal aspect of the blade, eliminating the need for
fragile and expensive fiberoptic bundles. The video Macintosh
intubating laryngoscope system (VMS) was designed using a
standard Macintosh blade and laryngoscope handle (Fig. 18.6).
The GlideScope (Verathon Medical, Bothell, WA) has more
acute distal angulation (60◦) of the laryngoscope blade, so
the operator need not displace the tongue for optimal laryn-
geal viewing on a remote screen. The McGrath laryngoscope
includes the acute angulation blade but is highly portable,
incorporating the image screen onto the laryngoscope handle
itself.

Flexible fiberoptic intubation
Flexible fiberoptic bronchoscopy is arguably the most impor-
tant alternative airway technique with which one must have
proficiency. The flexible FOB may be used in a myriad of clin-
ical situations; it may be used in the awake or the anesthetized
patient (orally or nasally) who has or is suspected of having
a difficult-to-manage airway. It is useful for the intubation of
patients with upper or lower airway abnormalities and unsta-
ble or immobile cervical spines. It also may be used as a means
to confirm proper ETT placement, to aid in the placement

of double-lumen tracheal tubes, or for performing pulmonary
lavage or toilet.

Unlikemany other tools available to the airwaymanager, use
of the FOB requires the development of a sophisticated plan and
skill set.The following are essential steps in the preparation and
proper use of the bronchoscope:
� Assess the shaft of the FOB by holding the handle and

allowing the objective end to hang freely. If the insertion
shaft shows excessive bends or curvatures, there may be
damage to the nonglass elements.

� Check proper functioning of the control lever. The distal 1
to 2 cm should move smoothly in the sagittal plane,
typically 90◦ or more from midline.

� Ensure that the working channel is clear by attaching
suction or an oxygen source. A “clogged” channel may
indicate poor cleaning or damage.

� Check the fiber bundle by focusing on text a few
millimeters from the lens. The inability to produce a clear
image may indicate poor cleaning of the lens or moisture
within the sealed elements. Note the number of black dots
in the visual field. These represent individual broken fibers,
and too many may make the FOB unusable. You may want
to document the number of broken fibers before and after
use.

When using the FOB for intubation, the following steps may
improve technique:
� The handle of the FOB is held in the nondominant hand,

with the thumb over the control lever and first finger
positioned over the valve of the working channel. Oxygen
or suction should be attached for clearing secretions and
lens defogging.

� The objective end is held as close to the patient as possible;
the insertion cord should always be kept straight. Turning
of the objective during advancement is accomplished with
both hands in a coordinated fashion.

� As one enters the airway, identifiable structures should
always be visible, such as tracheal rings and the carina
(Fig. 18.7). Using a device such as the Ovassapian
intubating oral airway (in both awake and induced
patients) facilitates the creation of a visible path and
protects the scope from biting.

� Using the smallest clinically adequate tracheal tube or
turning the bevel 90◦ counterclockwise facilitates ETT
entrance into the larynx.

� Prior to anesthetic induction (after awake intubation), the
operator should strive to see the tracheal carina and ETT
simultaneously to confirm successful intubation.

Minimally invasive techniques
Approach to the airway via the extrathoracic trachea and larynx
presents the airway manager with a completely new access to
the airway.This may be vital if airway management from above
has failed or is likely to fail. Unfortunately, the Closed Claims
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database has shown that when the anesthesiologist chooses to
use an invasive technique, it may be successful but usually is
done too late to affect the outcome.

The technique of retrograde guided intubation has histori-
cal importance for the airway manager. Prior to the advent of
many of the current supraglottic and video-assisted devices, ret-
rograde intubation was a mainstay of difficult airway teaching.
The basic technique involves the retrograde passage, via a large-
bore needle, of a catheter, suture, or wire through the cricothy-
roid membrane, up through the larynx, pharynx, andmouth or
nose. The wire, suture, or catheter is recovered and is used to
pass a tracheal tube in the antegrade direction through the lar-
ynx. In the opinion of the current authors, this techniquemaybe
considered useful but not “essential,” and the reader is referred
to other sources for details.

Transtracheal jet ventilation (TTJV) is a percutaneous emer-
gency airway option included in the DAA. It is a relatively
simple procedure, and although it may be lifesaving, it may
be fraught with complications. A large-bore (12- to 16-gauge)
nonkinking needle–catheter is inserted at a 90◦ angle to all
planes in the midline of the cricothyroid membrane with the
patient supine and the neck extended (unless contraindicated).
The right-handed practitioner should stand to the right of
the patient and use the nondominant hand to stabilize the
laryngeal cartilages. A Luer-Lok syringe should be attached
to the needle–catheter and continuous aspiration performed
once the skin is punctured. Once air is aspirated, the nee-
dle and catheter are advanced slightly, then the catheter is
advanced alone into the airway (in the direction of the carina)
and the needle is removed. Several devices currently are avail-
able for jet ventilation once the catheter is in position. Low-
pressure systems such as an Ambu bag or anesthesia circuit
cannot provide sufficient pressure for oxygenation and ven-
tilation during TTJV. Several nonkinking catheters are avail-
able and should be used in place of an angiocatheter (e.g.,
the Cook transtracheal jet ventilation catheter; Cook Critical
Care).

Complications of TTJV may be life threatening (e.g., sub-
cutaneous emphysema, pneumomediastinum, pneumothorax,
esophageal puncture), and most can be avoided by using care-
ful air aspiration during the needle placement, beginning the
insufflation process with low pressure (e.g., 10–15 cm H2O),
and maintaining an open upper airway with an oral airway or
SGA. It is important that a regulated oxygen injector, such as the
Manujet III (VBM, Sulz, Germany), be used to prevent acciden-
tal overpressurization. Inflation pressure should be increased to
a maximum of 50 cm H2O, using chest movement as a guide.
TTJVmay be especially dangerous if there is outlet obstruction.
In these cases, surgical cricothyrotomymay be a better choice of
airway.

Cricothyrotomy and emergency tracheostomy are invasive,
lifesaving procedures performed for the “cannot-intubate/
cannot-ventilate” clinical scenario, in which awakening the
patient is not an option. They are especially useful when total
upper airway obstruction is known or suspected, a situation

in which TTJV likely would be ineffective. Surgical cricothyro-
tomy and tracheostomy procedures are usually performed by an
experienced surgical team. Percutaneous cricothyrotomy sys-
tems are available and may be more appropriate for the occa-
sional user. The Melker Emergency Cricothyrotomy Kit (Cook
Critical Care) uses a Seldinger catheter over-the-wire tech-
nique. A 2-cm skin incision ismade over the cricothyroidmem-
brane and a needle is inserted via the cricothyroid membrane
until air is aspirated. A guidewire is passed through the nee-
dle, which is then removed. A catheter/dilator (3.4, 4, or 6 mm
internal diameter) is inserted over the wire and into the airway.
The catheter is available in cuffed and uncuffed versions. Com-
plications are similar to those listed for TTJV. This technique
is not recommended for children under 5 years of age. Dam-
age to the cricoid cartilage may lead to life threatening airway
collapse.

Awake intubation
If difficulty with airwaymanagement is anticipated, awake intu-
bation (boxAof theDAA)may be themost prudent choice.This
is especially true if the practitioner expects difficulty with ven-
tilation as well as intubation and/or there is a significant aspi-
ration risk. The awake state provides several advantages over
an anesthetized state: spontaneous ventilation is maintained,
the size and patency of the pharynx and retropalatal spaces
are increased, the tone of both the upper and lower esophageal
sphincters ismaintained, and important airway reflexes, includ-
ing cough and gag, are preserved.

Successful awake intubation requires patience on behalf of
the practitioner andmethodical preparation of the patient. Ade-
quate preparation of the patient includes not only the use of
topical and intravenous medications, but also psychological
guidance. The mature patient should be informed of the ratio-
nale for the decision to proceed with awake intubation and
be reassured that once the airway is prepared, discomfort will
be minimal. The use of medications to decrease anxiety may be
considered but should be used with discretion. Benzodi-
azepines such as midazolam may be administered in small
amounts to decrease anxiety, and opioid agonists such as fen-
tanyl also may be used for their analgesic, sedative, and antitus-
sive properties.

Ketamine and the �2-agonist dexmedetomidine are be-
coming increasingly popular agents for sedation for awake
intubation, as they have fewer respiratory depressive effects.
However, the operator must be cognizant that anxiolytic agents
can produce airway obstruction, especially in patients prone
to obstructive sleep apnea or when multiple agents are com-
bined, therefore leading to loss of airway control. Furthermore,
an overly sedated patient may no longer be capable of cooper-
ating with procedures or protecting his or her own airway.

An antisialagogue such as glycopyrrolate (0.2–0.4 mg intra-
venously/intramuscularly) is an important component of awake
intubation. Antisialagogues increase the effectiveness of topi-
cal anesthetics and make the use of fiber-optic devices easier
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by minimizing secretions on lenses. If nasal intubation is to be
performed, a vasoconstrictor such as oxymetazoline, phenyle-
phrine, or cocaine should be applied to the nasal mucosa to pre-
vent bleeding.

Local anesthetics may be applied topically by numerous
methods or injected as part of a regional anesthetic technique.
Anesthesiologists should be knowledgeable of each agent’s tox-
icities, toxic doses, and acceptable doses. Lidocaine, an amide
local anesthetic, is a commonly used agent. It is available in
many different preparations (solution, viscous, ointment) and
concentrations (0.5%–5%). Cocaine, available as a 4% solution,
also is commonly used because it is both an effective local anes-
thetic and a potent vasoconstrictor; therefore it commonly is
used for nasal airway preparation. Its use is contraindicated
in patients with ischemic heart disease, hypertension, tachy-
dysrhythmias, or preeclampsia or in those taking monoamine
oxidase inhibitors. Other local anesthetics used for airway top-
icalization include tetracaine and benzocaine. Tetracaine has a
relatively long duration of action but a narrow therapeutic win-
dow. Benzocaine has the advantage of rapid onset and short
duration of action but may produce methemoglobinemia.

All anesthesiologistsmust have a thorough knowledge of the
airway anatomy, including its sensory and motor innervations,
to provide adequate airway anesthesia for awake airway manip-
ulation. For practical purposes, there are three general anatomic
areas of importance: the nasal cavity/nasopharynx, oropharynx,
and hypopharynx/larynx/trachea.

Techniques for topicalization are as follows:
1. Non-needle technique

� A noninvasive method of anesthetizing all three
anatomic areas at once involves nebulized lidocaine and
a face mask. Nebulization results in high levels of drug
absorption and blunts all airway reflexes. This
technique should not be used in patients at risk for
aspiration of gastric contents.

� Nasal passage/nasopharynx: Local anesthetic–soaked
cotton swabs are advanced slowly into the nasal passage
up toward the sphenoid bone over a period of a few
minutes, or cotton pledgets may be placed with bayonet
forceps.

� Base of tongue/posterior oropharyngeal wall: Local
anesthetic–soaked swabs are placed at the base of the

palatoglossal arch (bilateral), where the
glossopharyngeal nerve travels, and are applied for
5 minutes.

� Hypopharynx/larynx/trachea: The tip of the patient’s
tongue is wrapped with unfolded gauze while the
tongue is extended maximally to prevent the patient
from swallowing the local anesthetic. The local
anesthetic solution is dripped on the tongue base slowly
via a 5-ml syringe fitted with a plastic catheter. This
procedure should take 1 to 2 minutes and is
accompanied by coughing as the agent is aspirated. The
patient should be reassured that this spontaneous
coughing is desirable.

2. Needle technique
� Sphenopalatine nerve block may be performed by

injection of local anesthetic through the greater
palatine foramen, which is located between the second
and third maxillary molars, 1 cm medial to the
palatogingival margin. This block will cover the nasal
turbinates and posterior two thirds of the nasal septum.

� Glossopharyngeal nerve block (blocks gag reflex and
decreases the hemodynamic response during
laryngoscopy): There are two approaches. The
landmark for the anterior approach (palatoglossal fold)
is the end of the gutter between the tongue and teeth at
the base of the palatoglossal arch. The posterior
approach (palatopharyngeal fold) requires a tonsillar
needle to inject local anesthetic from behind the
palatoglossal arch at its midpoint.

� Superior laryngeal nerve block (inhibits sensation of
the larynx above the vocal cords): The external
approach can be performed with three different
landmarks: the hyoid cornu, thyroid cornu, and upper
border of thyroid cartilage 2 cm from the thyroid notch.

� The translaryngeal block (transtracheal technique)
anesthetizes the tracheal mucosa, which is innervated
by the recurrent laryngeal nerve. Local anesthetic is
injected via an angiocatheter passed through the
cricothyroid membrane. Coughing during injection
may spread local anesthetic to the inferior and superior
surfaces of the vocal cords.

Figure 18.7. Fiber-optic view of the (A) vocal
cords and (B) carina.
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Once adequate patient preparation and airway topicalization
are achieved, the clinician may choose from many different
methods for placing an ETT in an awake patient. For example,
onemay choose to use an FOB (Fig. 18.7), perform direct laryn-
goscopy or video-laryngoscopy, or even perform blind naso-
tracheal intubation. As long as the patient can cooperate and
has been rendered analgesic, the operator has many options
from which to choose. Awake fiberoptic intubation using a
flexible bronchoscope is the most commonly used method. As
soon as the ETT is advanced, the carina visualized, and ETCO2
detected, anesthesia can be safely induced.

Although uncommon, there are a few contraindications to
awake intubation, including patient refusal or inability to coop-
erate or a true allergy to local anesthetics. Patients in whom the
clinician should use caution include those with ischemic heart
disease, who likely would not tolerate significant cardiovascu-
lar stimulation; those with poorly controlled bronchospasm;
and those in whom one wishes to avoid raising intracranial or
intraocular pressures.
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If anything can go wrong, it will (Fig. 19.1). Although infre-
quent, several accidents and mishaps have been reported with
the use of medical gases. Adequate safety precautions therefore
must be taken to ensure that accidents are minimized and ade-
quate backup measures are in place. In the United States, the
Department of Transportation has published requirements for
manufacturing, labeling, filling, transportation, storage, han-
dling, and maintenance of medical gas cylinders and contain-
ers. The Department of Labor and the Occupational Safety and
Health Administration (OSHA) regulate matters affecting the
safety and health of employees in all industries.

Medical-grade gas is supplied to the operating room via two
delivery mechanisms – a central supply and portable cylinders.
Most anesthetizing locations have access to a central supply of
the three most commonly used medical gases – oxygen, nitrous
oxide (N2O), and air.These and all other gases also may be sup-
plied via gas cylinders – most commonly “E”-size cylinders –
mounted on anesthesia machines. A waste anesthetic gas scav-
enging system and a medical suction system for surgical and
anesthetic use also are provided centrally.

Physical principles
Medical gases are stored in cylinders either as compressed gases
(oxygen, air) or liquefied gases (oxygen, N2O, carbon dioxide).
Table 19.1 depicts the relationships among gas volume, pres-
sure, and temperature.

Pressure
Anesthesiologists make pressure measurements in both
patients and machines, and hence should have a good under-
standing of pressure and its units of measurement. Pressure
is expressed as force per unit area. Although the SI unit is the
pascal, this represents a tiny pressure; therefore, the kilopascal
(kPa) is used more commonly. The other units commonly used
are presented in Table 19.2.

Critical temperature and critical pressure
Critical temperature is defined as the temperature above which
gases cannot be liquefied by applying pressure. Critical pres-
sure is the pressure at which a gas can be liquefied at its critical
temperature. The critical temperature of N2O is 36.5◦C, hence

Table 19.1. Common gas laws

Law Relationship Formula

Boyle’s Pressure and volume P1V1 = P2V2
Charles’s Volume and temperature V1/T1 = V2/T2
Gay-Lussac’s Temperature and pressure P1/T1 = P2/T2
Ideal gas Pressure, volume, and temperature PV = nRT

P, absolute pressure; V, volume; T, absolute temperature; n, number ofmoles;
R, universal gas constant.

N2O is supplied as a liquefied gas in the cylinders at room tem-
perature. The critical temperature of oxygen is −118◦C, hence
at room temperature oxygen cannot be liquefied, and exists as
compressed gas. Liquid oxygen (LOX) can be obtained only if
the oxygen is cooled below its critical temperature and pressur-
ized. Tomaintain this temperature, special insulated and refrig-
erated containers are required for supply of LOX.

Avogadro’s hypothesis
Equal volumes of gases at the same temperature and pressure
contain an equal number ofmolecules.This number of particles
is 6.022 × 1023 and is known as Avogadro’s number. One mole
of any gas occupies 22.4 L at standard temperature and pressure
(0◦C, 1 atm) and 24 L at room temperature and pressure (RTP;
20◦C, 1 atm).This principle is used to calculate the contents of a
cylinder containing liquefied gas and the amount of vapor that
can be generated from a given amount of volatile liquid.

Medical gases and supply
Oxygen
Medical-grade oxygen (99%pure or greater) is a necessity in any
operating room. Oxygen is synthesized commercially by first

Table 19.2. Units of pressure

kPa Kilopascal
cm H2O Centimeters of water
psi Pounds per square inch
mm Hg Millimeters of mercury
101 kPa = 760 mm Hg = 1030 cm H2O = 14.7 psi = 1 atm at sea level
1 kPa = 7.5 mm Hg
1 mm Hg = 1.35 cm H2O
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Figure 19.1. University of Alabama LOX spill.
Eight thousand gallons of LOX escaped, making it
temporarily impossible to assess either the primary
tank or secondary reserve tank. Efficient imple-
mentation of predetermined protocol ensured that
there was no adverse patient outcome despite
peak use at the time of the incident. (Reproduced
with permission from Schumacher SD, Brockwell
RC, Andrews JJ, Ogles D. Bulk liquid oxygen supply
failure. Anesthesiology 2004; 100:186–189.)

liquefying compressed air. Oxygen is separated from liquid air
by using the difference in the boiling points of oxygen andnitro-
gen (fractional distillation). Nitrogen evaporates first, leaving
liquid oxygen, which is then evaporated. Dried and purified
oxygen is supplied as compressed gas in cylinders at ambient
temperature. It also may be supplied in cryogenic containers
containing liquid oxygen.

Liquid oxygen
Oxygen often is stored as a liquid, although it is used primar-
ily as a gas. Liquid storage is less bulky and less costly than the
equivalent capacity of high-pressure gaseous storage. Physical
properties of oxygen are shown in Table 19.3.

Because the temperature difference between the product
and the surrounding environment is substantial, even in the
winter, keeping LOX insulated from the surrounding heat
is essential. The product also requires special equipment for
handling and storage. A typical storage system consists of a
cryogenic storage tank, one or more vaporizers, a pressure con-
trol system, and piping necessary for the fill, vaporization, and
supply functions. The cryogenic tank is constructed, in princi-
ple, like a thermos bottle. There is an inner vessel surrounded
by an outer vessel. Between the vessels is an annular space that
contains an insulating medium, from which all the air has been
removed. This space keeps heat away from the LOX held in
the inner vessel. Vaporizers convert the LOX into a gaseous
state. A pressure control manifold then controls the pressure
of the gas fed to the pipelines. A backup system may com-
prise another smaller-sized LOX container or manifold of oxy-
gen cylinders. The backup system should have a separate feed
line to the pipeline network to lessen the risk of interrupted
supply.

Oxygen concentrator
Oxygen concentrators are devices that can be used as a pri-
mary source of oxygen to feed pipelines in remote locations.
Oxygen is generated onsite using pressure swing adsorber tech-
nology. Oxygen in the atmospheric air is concentrated by
adsorption of nitrogen by a molecular sieve (a zeolite). Oxygen
produced by this method has a concentration of 93% ± 3%.
Pressurized air passes through a bed of zeolite usually con-
tained in two containers. As one container adsorbs nitrogen, the
other is purged of adsorbed nitrogen and the zeolite is regen-
erated. The adsorbent has a high affinity for water; hence, the
design should include adequate purges, low dead space, and
heat exchangers.The beds should be sealed so that atmospheric
moisture cannot seep into the zeolite. The output concentra-
tion of oxygen should bemonitored carefully to ensure delivery
of adequate oxygen to the pipelines. The size of the adsorption
beds determines the output. They must always have a pressur-
ized reservoir large enough to cope with peak flows. Portable
oxygen concentrators also are available and are quite popular
for home oxygen therapy.

Nitrous oxide
N2O often is provided for use as an anesthetic gas. It is synthe-
sized commercially by heating ammonium nitrate and is stored

Table 19.3. Physical properties of oxygen

� Boiling point at 1 atm: −183.0◦C (90◦K)
� Critical temperature: −118.4◦C
� Critical pressure: 729.1 psia (49.6 atm)
� Expansion ratio, liquid to gas, boiling point to 20◦C : 1:860

122



Chapter 19 – Medical Gas Supply, Vacuum, and Scavenging

Cylinder valve –
external thread

Nut

Nipple

Cylinder valve –
internal thread

Nut
Nipple

A B

Figure 19.2. Valve outlet connections for large
cylinders. The threads of the valve outlet must match
those on the nut. When the nut is tightened, the
nipple seats against the valve outlet. (A) The threads
are on the outside of the cylinder valve outlet and
the nut screws over the valve outlet. (B) The valve
outlet thread is internal so that the nut screws into
the outlet.

as a liquid at room temperature because the critical temperature
of this gas is 36.5◦C. N2O usually is stored in large H-cylinders
that are cross-connected via an auto-switching manifold. The
banks usually have a smaller number of cylinders compared
with an oxygen supply because of the higher content of liquefied
gas and lower consumption ofN2O. AsN2O becomes vaporized
from a liquid to a gas, heat is absorbed from the surrounding
atmosphere, which may lead to the formation of frost on the
outside of a gas cylinder.

Medical air
Air is the natural atmosphere of the earth – a nonflammable,
colorless, odorless gas that consists of a mixture of gaseous
elements (nitrogen, oxygen, water vapor, a small amount of
carbon dioxide, and traces ofmany other constituents).Medical
airmay be provided by amanifold of cylinders or a central com-
pressor plant. Usually two compressors are used; these may run
alternately or concurrently depending on the demand.This also
ensures that during servicing or repairing, the supply is not
interrupted. Air from the intake to the compressors is drawn
through a filter and silencer. There usually is an air cooler to
cool the compressed air. The air then passes through a non-
return valve into a large reservoir to maintain a constant air
pressure. After leaving the reservoir, the air is cleaned by pass-
ing it through baffled separators and filters to remove partic-
ulate impurities such as oil droplets. The air is then passed
through two driers containing a desiccant to remove any excess

humidity. Finally, the air is passed through a bacterial filter to
ensure removal of any contaminants.

Medical gas cylinders
Medical gases are stored in metal cylinders of various sizes.
Table 19.4 indicates the color codes, state in cylinders, and pres-
sure for different medical gases. Cylinders are made of alu-
minum or steel alloys; each is tested by visual inspection and
with a hydraulic stretch test to ensure its integrity when sub-
jected to test pressures 1.66 times the service pressure. Each
cylinder is permanently stamped on its shoulder to indicate the
contents, service pressure, serial number, manufacturer’s sym-
bol, owner’s symbol, test date (original test date and retest date),
and mark of the testing facility.

Valves
The bulk cylinders supplying the pipelines (type H) are fitted
with bullnose valves with a non-interchangeable screw-thread
system (Fig. 19.2), which is different from the Diameter Index
Safety System (DISS), discussed later. The type E or smaller
cylinders that serve as backups on anesthesia machines are fit-
ted with a pin-indexed valve (Fig. 19.3).

Filling
The pressure inside a cylinder may vary with ambient tempera-
ture. To prevent buildup of excessive pressure, a cylinder should
not be filled above the service pressure stamped on the cylinder
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Table 19.4. Medical gas cylinders

Gas Formula Color (US) Color (international) psi at 21◦C State in cylinder E-cylinder capacity, L

Oxygen O2 Green White 1900–2200 Gas 660
Carbon dioxide CO2 Gray Gray 838 Gas and liquid <31◦C 1590
Nitrous oxide N2O Blue Blue 745 Gas and liquid <37◦C 1600
Helium He Brown Brown 1600–2000 Gas 500
Nitrogen N2 Black Black 1800–2200 Gas 660
Air Yellow White and black 1800 Gas 600

for compressed gases. The filling limit on cylinders containing
liquefied gases is based on the filling ratio or filling density,
which is the percent ratio of weight of a gas in the cylinder to
the weight of water the cylinder would hold at 60◦F. The filling
density of N2O and carbon dioxide is 68%.

Safety pressure release
Every cylinder is fitted with a safety pressure release device to
vent the contents into the atmosphere if the inside pressure
increases to a dangerous level.The venting orifice is closed with
a disk that ruptures at a given pressure, a fusible plug (Wood’s
metal) that melts at high temperatures, or a spring-loaded pres-
sure relief valve. In pin-indexed valves, this device is present
just below the conical depression for the screw clamp; hence,
care should be taken to prevent any inadvertent damage while
mounting the cylinder on the anesthesia machine.

Devices to open or close the cylinder
Large cylinders are fitted with a “hand wheel” to open and close
the valve. Small cylinders come with a spindle valve, and the
spindle can be opened or closed with a wrench or handle. A
wrench usually is fixed to the anesthesia machine to prevent
misplacement. While using these wrenches, one must be care-
ful not to handle the hexagonal gland nut that fixes the spindle
valve to the cylinder.

Contents of the cylinder
The contents of a cylinder containing compressed gases such as
oxygen can be calculated using Boyle’s law, using the pressure
inside the cylinder and the water capacity of the cylinder:

P1 × V1 = P2 × V2

V1 = P2 × V2
P1

,

where P1 is the atmospheric pressure, V1 is the volume of oxy-
gen available at atmospheric pressure, P2 is the pressure in the
cylinder, and V2 is the water capacity of the cylinder or volume
of oxygen in the compressed state.

For example, in a type E cylinder with a water capacity of
4.7 L, if the pressure gauge reads 100 atm (1470 pounds per
square inch gauge [psig]), the approximate amount of oxygen
available (V1) to be used at 1 atm will be

V1 = 100 atm × 4.7 L
1 atm

= 470 L

The water capacity of a type H bulk cylinder is 47.2 L. For
all practical purposes, if one learns to read the pressure in
the cylinder in atmospheric pressures (the number labeled as
kPa × 100), then multiplying this by 4.7 (or even with 5 for
approximate values) will give an estimate of the contents of the
type E cylinder for compressed gases.

The contents of a cylinder containing liquefied gases (N2O
and carbon dioxide) cannot be estimated by measuring the
pressure inside the cylinder, because the pressure remains
nearly constant until all the liquid is evaporated. However, they
can be estimated using Avogadro’s principle. The molecular
weight of N2O and carbon dioxide is the same: 44 g/mole.
According to Avogadro’s hypothesis, 44 g would occupy a vol-
ume of 24 L at RTP (20◦C, 1 atm). Hence, a liter of N2O weighs
about 1.8 g. The actual weight of the gas in the cylinder should
be estimated by the difference between the actual weight and
the tare (empty) weight of the cylinder. This weight in grams
divided by 1.8 (one may use 2 for approximation and ease of
calculation) gives us an estimate of the contents of the cylinder.
This aspect is particularly useful for laparoscopic surgeons and
their teams to have an idea of the contents of carbon dioxide
cylinders prior to starting the surgery.

Manifold and pipeline network
Normally, the main gas supply to the anesthesia machine is the
hospital pipeline system, delivered at approximately 50 to 55

Oxygen
(2,5)

Nitrous oxide
(3,5)

Air
(1,5)

Carbon dioxide
(1,6)

Entonox
(7)

Figure 19.3. Pin-index safety system for different gases. Two pins in the
hanger yoke of the anesthesia machine are aligned with two corresponding
holes on the cylinder head to prevent mounting of a wrong cylinder.
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Figure 19.4. DISS – see text for details.

psig. The gas supply to the pipeline supply may be from one of
the following sources:

1. Primary LOX tank with a smaller, secondary LOX tank as a
backup

2. Primary LOX tank with a manifold of compressed gas
cylinders as a backup

3. Two banks of compressed gas cylinders with a smaller
bank of compressed gas cylinders as a backup

The capacity of the primary supply depends on the demand
of the hospital. It should be more than enough for 2 days’
consumption, and the backup should be enough for at least 1
day’s consumption. The high-pressure source is connected to
the pipeline through a two-stage pressure regulator. If a man-
ifold of cylinders is used, only one of the two banks supplies the
pipeline at any time. When this bank reaches exhaustion, the
second bank automatically begins supplying gas. The status of
the banks is indicated by visual indicators at the source, as well
as at a manned control station, to enable a prompt change of
empty cylinders.

The supply and manifolds usually are located outside the
hospital. From the manifold, the gases are carried to various
points of care through a network of pipelines made of cop-
per. These networks consist of risers and branches to individ-
ual areas of the hospital. Each area should have pressure mon-
itors and shutoff valves so that repairs and maintenance can be
performed without having to shut down the entire system. The
network should not result in a decrease in pressure of �5 psig
from the source to the outlet. The pipelines should be clearly
labeled as to the contents by letters, color-coded bands, and the
direction of gas flow at periodic intervals.

Outlets
The pipelines end in terminal wall outlets with color-coded
plates. These outlets may be either non-interchangeable quick-
coupling outlets or DISS outlets.

Quick connectors
Quick connectors (automatic quick-coupler valves, quick con-
nects, quick-connect fittings, quick couplers) allow apparatus
(e.g., hoses, flow meters) to be connected or disconnected by
a single action using one or both hands, without the use of
tools or undue force. Quick connectors are more convenient
than DISS fittings but tend to leak more. Each quick connector
consists of a pair of gas-specific male and female components.
A releasable spring mechanism locks the components together.
Hoses and other equipment are prevented from being inserted
into an incorrect outlet by using different shapes and different
spacing of the mating portions.

The Diameter Index Safety System
The DISS was developed to provide non-interchangeable con-
nections for medical gas lines at pressures≤ 1380 kPa (200 psi).
Each DISS connector consists of a body, nipple, and nut combi-
nation (Fig. 19.4).There are two concentric and specific bores in
the body and two concentric and specific shoulders on the nip-
ple. The small bore (BB) mates with the small shoulder (MM),
and the large bore (CC) mates with the large shoulder (NN).
To achieve non-interchangeability between different connec-
tors, the two diameters on each part vary in opposite directions
so that as one diameter increases, the other decreases. These
dimensions are unique for each gas, and only properly mated
parts will fit together and allow the threads of the nut and body
of the valve to engage.

Safe use of cylinders
Toprevent injury, gas cylindersmust always be properly secured
and stored in a cool environment protected from fire and open
flame. Care should be taken to ensure that cylinders are never
dropped, because damage to a pressurized cylinder may lead
to the creation of a fatal projectile. The personnel handling the
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cylinders should be trained adequately.The cylinders should be
kept closed at all times, except when they are in use. A cylin-
der should always be opened slowly, to prevent a rapid rise in
temperature due to adiabatic expansion.

Other medical gases of interest
to anesthesiologists
Entonox
Entonox (BOC, Manchester, UK) is a mixture of 50% oxygen
and 50% N2O stored in cylinders at a pressure around 2000
psig. Although the critical temperature of N2O is 36.5◦C, in a
mixture of gases such as Entonox, it remains in gaseous phase.
However, at a temperature below −5.5◦C, a liquid phase con-
taining 20% oxygen and 80% N2O may form below the gas;
this sometimes is referred to as pseudo-critical temperature. To
prevent delivery of a hypoxic mixture, it is recommended that
Entonox cylinders be stored at temperatures �10◦C. Entonox
is used mostly for obstetric and dental analgesia; it also is used
for wound dressing changes and during transport of patients
with long bone fractures but no other injuries. It usually is self-
administered under the supervision of medical or paramedical
personnel through a two-stage pressure regulator and a demand
valve.

Nitric oxide
The role of inhaled nitric oxide (iNO) for clinical use has
increased remarkably during the past decade. The discovery of
iNO’s role in pulmonary vascular tone led to a flood of research
from basic science to large randomized clinical trials in patients
of all ages, resulting in thousands of publications. In 1992, the
journal Science named nitric oxide the ‘‘Molecule of the Year.’’
Several researchers received a Nobel Prize in medicine and
physiology for their work with nitric oxide in 1998.The only US
Food andDrug Administration–approved indication for iNO is
the treatment of term neonates with hypoxic respiratory failure
associatedwith pulmonary hypertension, as ameans to improve
oxygenation.

Nitric oxide is supplied as a gaseous blend of nitric oxide
(800 ppm) and nitrogen in a nonliquefied form at a cylinder

pressure of 2000 psig at 21◦C. Cylinders are constructed of an
aluminum or steel alloy. Nitric oxide is administered into the
ventilator breathing circuit through a monitoring unit (NOx
box, NOdomo unit [Dräger, Lübeck, Germany], INOvent [INO
Therapeutics, Clinton, NJ]), which operates at 55 to 60 psig.The
most commonly used initial dose is 5 to 20 ppm by inhalation.
Monitoring the levels of inspired nitric oxide, nitrogen dioxide,
and methemoglobin is essential. Weaning should be achieved
gradually in decrements of 5 ppm over 6 to 8 hours.

Heliox
Heliumandoxygenmixtures (heliox) have beenused formedic-
inal purposes since 1934. Heliox has been reported to be effec-
tive in a variety of respiratory conditions, such as upper airway
obstruction, status asthmaticus, decompression sickness, post-
extubation stridor, bronchiolitis, and acute respiratory distress
syndrome. Helium, an inert gas, is odorless and tasteless and
does not support combustionor reactwith biologicmembranes.
Helium is 86% less dense (0.179 g/L) than room air (1.293 g/L).
It is seven times lighter than nitrogen and eight times less dense
than oxygen.The lower density of helium reduces the Reynolds
number associated with flow through the airways, favoring
laminar over turbulent flow. Hence, heliox mixtures have the
potential to decrease the work of breathing in patients with
increased airway resistance. Heliox also increases the deposi-
tion of inhaled particles to the distal airways in patients with
severe asthma.

Heliox is commercially available and supplied at the point
of care as compressed medical gas cylinders in sizes H, G, and
E. Helium and oxygen typically are blended to percentage con-
centrations of 80/20, 70/30, and 60/40. Gas regulators manu-
factured specifically for helium must be used to deliver the gas
safely and accurately. The mixture can be administered to the
patient via either an endotracheal tube or a face mask with a
reservoir bag.

Vacuum
A vacuum is a volume of space that is essentially empty of
matter, such that its gaseous pressure is much less than atmo-
spheric pressure (negative pressure). Vacuums commonly are

Vacuum
pump

Vacuum
pump

Reservoir

Vent

QC SC

Collection 
container

Figure 19.5. Complete suction system. Normally,
liquids and solids do not move any further than the
collection container. SC, suction catheter; QC, quick
coupler at the wall.
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Figure 19.6. Schematic representation of the
components of a scavenging system.

used to produce suction. Suctioning is an important part of
anesthesia practice to remove and/or collect solids, gases, and
liquids from the patient, airway devices, and the patient’s
environment.

The most common source of vacuum in health care facil-
ities is the pipeline system (Fig. 19.5). The system must be
capable of maintaining a vacuum of approximately 40 kPa (300
mmHg) at the user end.The suctioning apparatus is connected
to a wall inlet through a non-interchangeable coupler similar
to those used for medical gas pipelines. The pipelines are con-
nected to a central vacuum source. These pipelines are con-
structed of copper and are slightly larger than the medical gas
pipelines. Vacuum is created by two pumps connected in par-
allel. These pumps are essentially air compressors mounted in
reverse to create a partial vacuum.There is a reservoir between
the pumps and the pipeline to even out the vacuum and collect
any fluids or debris that may enter the system.

Scavenging systems
The anesthetic gases and vapors that leak into the surrounding
room during medical procedures are considered waste anes-
thetic gases. It is estimated that more than 250,000 health
care professionals in the United States who work in hospitals,
operating rooms, dental offices, and veterinary clinics poten-
tially are exposed to waste anesthetic gases. The relationship
between exposure to trace concentrations of waste anesthetic
gases in the operating room and the possible development
of adverse health effects has concerned health care profes-
sionals for many years. Some potential effects of exposure to
waste anesthetic gases are nausea, dizziness, headaches, fatigue,
and irritability, as well as sterility, miscarriages, birth defects,
cancer, and liver and kidney disease, among operating room
staff and their spouses (in the case of miscarriages and birth
defects). The reports on the effects of exposure to waste anes-
thetic gases are controversial. However, scavenging of waste
anesthetic gases is recommended for all areas, as are work prac-
tices to reduce contamination. In addition, there should be a
program for management of waste anesthetic gases, with a doc-
umentedmaintenance schedule for all anesthesiamachines and
the ventilation system in the operating roomandpostanesthesia
care units.

Factors contributing to operating room pollution include:

1. Use of breathing systems with high-flow techniques
2. Poorly fitting masks
3. Failure to turn off gases at the end of anesthesia
4. Filling of anesthetic vaporizers without key systems
5. Liquid agent spills
6. Leaks in the machine and breathing systems
7. Improper scavenging

The components of a scavenging system are shown in Fig.
19.6. The waste gases are collected by suitable modification of
adjustable pressure-limiting valves and ventilator relief valves
and are transferred via special tubing to the scavenging inter-
face. These tubes are of different sizes and appearances to
prevent misconnection or direct connection to breathing sys-
tems (19 mm/30 mm; corrugated tubes used in breathing
systems are 22 mm). The interface protects the breathing
systems from excessive positive or negative pressure. From
the interface, the gases are conducted through collapse-proof
tubing to the gas disposal assembly, which eliminates excess
waste gas.

There are two types of gas disposal systems:

1. Active:This is the most common system and uses central
vacuum. It provides for high flows but only slight negative
pressure.

2. Passive:The pressure of the waste gas itself produces flow
through the system, and no vacuum is used.

Occlusion of scavenging systems may produce high levels of
positive pressure in the breathing systems, leading to baro-
trauma. In active systems, failure of the interface may transmit
excess negative pressures to the patient.
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Chapter

20 Anesthesia machine
Yasodananda Kumar Areti

FromMorton to Zeus
Since the first demonstration of ether anesthesia by William
T. G. Morton in 1846, the apparatus to administer anesthe-
sia evolved from a simple Morton inhaler to the present-day
sophisticated anesthesia workstations care stations (Fig. 20.1).
The 20th century saw anesthesiamachines built around the pro-
totype of Henry Edmund Gaskin Boyle in 1917 (1875–1941).
Dräger (Telford, PA) adopted the name Zeus for its latest brand
of anesthesia workstations. Zeus, according to Greek mythol-
ogy, is the king of all gods and is all powerful. The name Zeus
is supposed to indicate the power packed into these machines.
They incorporate safe systems for target controlled inhalational
anesthesia, total intravenous anesthesia, sophisticated ventila-
tors matching intensive care unit ventilators, extensive moni-
toring capability, and data networking capabilities.

This chapter covers the principles of anesthesia machines
used to deliver inhalational anesthesia. In the United States,
the two major manufacturers of anesthesia machines are GE
Datex-Ohmeda and Dräger Medical. Anesthetic mishaps due
to machines are becoming a rarity thanks to the safety fea-
tures incorporated in these machines, as recommended by the
American Society of Testing and Materials (ASTM) Interna-
tional. However, one of the common reasons for adverse out-
comes related to anesthesia equipment is lack of familiarity with
the equipment, as well as inadequate pre-use checking. Hence,
it is advisable for all users to familiarize themselves with the
machine and safety documents that come with it before using
any equipment.

Structure of the anesthesia machine
Themachine itself can be divided into three sections (Fig. 20.2):

1. High pressure:This part of the machine is exposed to the
high pressures in the cylinders (yoke, pressure gauge, and
pressure regulators).

2. Intermediate pressure:This part of the machine is exposed
to the pressures in the pipelines (pipeline connections,
oxygen failsafe devices, oxygen flush, ventilator gas outlets,
pressure gauge, and flow meter needle valves).

3. Low pressure:This part of the machine lies from the needle
valves of the flow meters to the common gas outlet

(rotameters, vaporizers, back bar, pressure-relief valve).
This section should not be confused with the breathing
systems, which are also referred to as low-pressure systems.

Components of themachine
Power supply
The electrical and pneumatic components of most modern
machines are powered by electricity, and the master switch
should be turned on before using the machines. The master
switch activates the flow of gases into the intermediate-pressure
pneumatic circuit of the machine. The emergency oxygen flush
can be activated even when the power is off. The machines also
comewith a backup battery system, which keeps charging when
the machine is plugged in, even if the master switch is in the off
position. Once the power is turned on, there is always a “mini-
mum assured flow” of oxygen at 200 ml/min, and the machines
perform self-checks. In an emergency situation, the operator
can bypass these checks. Some machines limit the number of
consecutive times this bypass can be used. The machines are
also equipped with visual and/or audible alarms to indicate loss
of power.

Medical gas inlets
The medical gases (oxygen, nitrous oxide [N2O], and air)
are supplied through pipelines, which are connected to the
machine through non-interchangeable connections (Fig. 20.3).
The ASTM standards for anesthesia workstations require that
every anesthesia machine have a Diameter Index Safety System
(DISS) fitting for each pipeline inlet to prevent incorrect con-
nections (DISS is discussed in Chapter 19).

All piped supplies have a backup cylinder supply (one or two
E-type cylinders).The outlet port of the cylinder is aligned with
the gas inlet nipple. A Bodok seal is placed between the cylin-
der and the yoke to ensure leak-free fitting. The assembly has
a pin-indexed safety system to prevent incorrect connection of
gases. The two pins on the machine should be aligned with the
corresponding holes in the cylinder head. Before mounting the
cylinder, it should be opened gently (cracked) to blow away any
dust in the port, then closed. The cylinder is securely mounted
with a screw clamp. Presence of leaks in this area can be detected
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Figure 20.1. Morton inhaler; GE Aisys Carestation (courtesy GE Healthcare); Dräger Zeus workstation.
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Figure 20.2. Structure of an anesthesia machine. Y, yoke; D, Diameter Index Safety System (DISS); G, pressure gauge; PR, pressure regulator; F, oxygen failsafe
device; OA, oxygen alarm; R, rotameters; V, vaporizer assembly; CV, check valve.
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Figure 20.3. Cylinder inlet yoke and pipeline inlet.

by applying soapy water to the junction and observing for any
bubble formation.

Pressure gauge
All machines are equipped with Bourdon pressure gauges
(patented in 1849) to monitor the pressure in the cylinders and
pipelines (Fig. 20.4). A flexible tube within this gauge straight-
ens when exposed to gas pressure.Thismotion is transmitted to
a pointer through a gearing mechanism. In modern machines,
these gauges are located at the front panel. The dials carry two
types of units of measurement of pressure (psi and kPa × 100).
Monitoring the pressurewill ensure an adequate gas supply at all
times, and the pressure in the oxygen cylinder gives a clue as to
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Figure 20.4. Pressure gauge for pipeline and cylinder supply.

the quantity of oxygen backup.The gauges on the N2O cylinder
do not give any indication of the amount of N2O in the cylinder,
because N2O exists as a liquid (see Chapter 19).

Pressure regulator
Each gas supplied from the cylinders to the machine must have
a pressure regulator (Fig. 20.5). Pressure regulators not only
reduce the pressure of gases from the cylinders, but also provide
gases at a nearly constant reduced pressure to the flow meters,
despite the changing pressures in the cylinders. Because pres-
sure is defined as force per unit area, a high pressure acting
on a small area may be balanced by a low pressure acting on a
large area (large diaphragm in the regulator). A simple pressure-
reducing valve constructed using this principle, however, results
in decreasing reduced pressure as the cylinder contents empty.
To smooth the flow and keep the reduced pressure nearly con-
stant, a set of high-force springs was added to the modern

P: Cylinder pressure

p: Reduced pressure

a
p

A

Figure 20.5. Basic principle of the pressure regulator: P × a = p × A (high
pressure acting on a small area is balanced by low pressure acting on a large
area diaphragm).
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Figure 20.6. Oxygen failsafe device. (A) Normal
function. (B) N2O cut off because of oxygen pressure
failure.

regulator. The pressure regulators on anesthesia machines are
factory preset to reduce the high pressure in the cylinders to
300 to 350 kPa (45–50 psi). The pipeline pressures are sup-
plied at a pressure of 350–400 kPa (50–55 psi) to ensure that
the pipeline supply is used preferentially even if the cylinder
is left open unintentionally. Some machines have second-stage
regulators in the intermediate-pressure section before the flow
meters and oxygen flush.The second regulator reduces the oxy-
gen pressure further to approximately 20 psi gauge (psig) for
oxygen and 38 psig for N2O. This ensures lower pressure at
oxygen flush; minimizes pressure fluctuation to the flow meter,
thereby maintaining constant flow; and decreases the wear and
tear of needle valves of the flowmeters. Two-stage regulators are
also used in the demand-flow Entonox (BOC,Manchester, UK)
apparatus.

Check valves
Check valves are present on the yoke after the fresh gas entry
port to prevent leaks during the change of cylinders and to pre-
vent filling of the cylinders from pipelines or the second backup
cylinder, even if the cylinders are inadvertently left open.These
valves are also present at the entry of pipelines to prevent back-
flow into the pipeline in the event pressures fall in the pipeline
while the backup cylinder is being used. A check valve is also
present downstream of the vaporizer bank to ensure that back
pressure is not transmitted to the vaporizers, particularly when
oxygen flush is activated.

Safety devices to prevent administration
of a hypoxic gas mixture
Adevastating complication of administering anesthesia is deliv-
ering a hypoxic gas mixture. The incorporation of ASTM-
recommended standards in the anesthesia work station and its
components has made this occurrence much rarer than in
the past. Color coding of cylinders and pipelines, non-
interchangeable threaded connections to the regulators of bulk
cylinders, a pin-indexed safety system for cylindersmounted on
the anesthesia machine, non-interchangeable quick couplers,
and DISS for pipelines have all improved safety. Appropriate
calibration and monitoring of the oxygen concentration deliv-
ered by the machine and inspired by the patient is another
important advance in the standard of care. The following

devices incorporated in the anesthesia machine itself are addi-
tionalmeasures to prevent accidental administration of hypoxic
gas mixtures.

Oxygen failsafe device
In Datex-Ohmeda machines, N2O is always connected to its
flow meter through an oxygen failsafe device. This device has
a spring-loaded valve (Fig. 20.6). Oxygen pressure acts against
the force of the spring and keeps this valve open so that N2O
can flow to its flow meter. Once oxygen pressure drops below
30 psig (205 kPa), the unopposed force of the spring closes the
valve and N2O can no longer be administered.

In some machines, air supply also flows through a failsafe
device. However, some manufacturers allow air to be delivered
directly to the flowmeter, which enables the anesthesiologist to
administer air in the event of oxygen failure. Modern machines
incorporate an electronic switch that will not allow air andN2O
to be used at the same time.

Oxygen failure protection device
The oxygen failure protection device (OFPD), used in Dräger
machines, proportionately decreases the N2O pressure based
on the oxygen pressure. In oxygen failsafe devices, the flow is
“all or none.” In the OFPD, the flow is proportional and vari-
able andmaintains a desired level of fraction of inspired oxygen
(FiO2). Only at extremely low oxygen pressure is the N2O flow
is entirely stopped.

Proportioning systems
Newer machines are equipped with proportioning devices that
ensure a minimum FiO2 at all times.

Datex-Ohmeda Link 25
The flow meter control valves of oxygen and N2O are mechan-
ically linked to each other with chains. Normally, both knobs
can be operated independently. Whenever the proportion of
oxygen approaches 25%, the gear engages and both control
knobs move simultaneously. This mechanical system is sup-
ported by a pneumatic system in which both flow meters oper-
ate at different pressures because of the differential setting in the
respective second-stage pressure regulators.The resulting com-
bination ensures a minimum FiO2 of 0.25.
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Dräger oxygen ratio monitor controller
Oxygen and N2O are interlocked pneumatically to ensure a
fresh gas oxygen concentration of at least 25% ± 3%. The pres-
sures downstream of the flow control valves of N2O and oxygen
and upstream of the resistors before the flow meter tubes are
linked through pressure transducers. This system controls the
slave control valve, which controls the N2O inlet pressure.

Oxygen low-pressure alarm
The low-pressure or oxygen supply failure alarm will sound
when there is a significant increase or decrease in oxygen sup-
ply pressure.This occurs when there is a sudden loss of cylinder
or pipeline pressure or when the anesthesia machine is turned
on or off. A commonly usedmechanism uses a pressurized can-
ister that is filled with oxygen when the anesthesia machine is
turned on. The stream of oxygen that enters the canister passes
through a whistle, and a sound can be heard when the machine
is turned on. If the oxygen pressure then falls below a certain
value, this canister will empty and direct a reversed stream of
oxygen through the whistle. This alarm may not be heard if the
oxygen supply pressure drops very gradually over a long period.
Some machines have a visual alarm as well. The audible alarm
should be activated within a few seconds after oxygen pressure
drops below 200 kPa, and has aminimumnoise level of 60 dB at
1 m.The alarm can be switched off only by restoring the oxygen
supply.

Flowmeters
Aneedle valve controls the flow of individual gases into the flow
meter (Fig. 20.7). A needle valve has a relatively small orifice
with a long, tapered, conical seat. As the control knob is turned,
the plunger is retracted and gases flow between the seat and
plunger. Because it takes many turns of the fine-threaded screw
to retract the plunger, precise regulation of the flow rate is pos-
sible. To avoid damage to the seat and prevent the stem from
disengaging from the body, there are stops at the “off” and “max-
imum” flow positions. The control knobs are labeled clearly,
color coded, and tactilely distinguishable. The oxygen control
knob is larger and has a fluted profile. Electronic, solenoid-
controlled flow devices are used in new machines.

The actual flow is measured by cylindric tubes with varying
internal diameters (Thorpe tubes).The flowmeters on anesthe-
sia machines are traditionally called rotameters (a trade name
adopted by the British Oxygen Company). They are variable-
orifice, fixed–pressure difference devices. As the flow increases,
the rotating bobbin rises in the flow meter and the annular ori-
fice around the cylindric bobbin increases. The calibration is
either etched on the flow meter or written immediately to the
right of the tube. One reads the flow at the top of a cylindrical
bobbin or the center of a spherical bobbin.

At low flows, the flowmeters are calibrated in milliliters per
minute (or in decimal fractions of liters per minute), whereas
at high flows they are calibrated in liters per minute. To facil-
itate accuracy at low flows, two tubes may be used to measure

Needle valve

Flow meter

Figure 20.7. Needle
valve.

flows for a single gas. One tubemeasures up to 1 L/min, and the
higher flows are measured in the second tube. However, there is
only one control knob and the flow meter tubes are connected
in a series.

Flow tubes are equipped with float stops at the top and bot-
tom of the tube.The upper stop prevents the float from ascend-
ing to the top of the tube and plugging the outlet. It also ensures
that the float is visible at maximum flows instead of being hid-
den in the manifold. The bottom float stop provides a cen-
tral foundation for the indicator when the flow control valve is
turned off.

In a flowmeter assembly, the oxygen flowmeter joins down-
stream of all the flowmeters to ensure oxygen flow, even if there
is a leak in another flow meter. However, damage to the oxygen
flow meter will result in a hypoxic mixture if N2O is also being
used (Fig. 20.8). Continuous monitoring of the inspired oxy-
gen concentration, with associated alarms if a hypoxic mixture
is being delivered, is the only option to ensure that a hypoxic
mixture is not delivered to the patient.

Most modern machines use conventional flow control and
an electronic flow sensor. The flow measured by the sensor
is represented digitally and/or by a simulated flow meter on
the anesthesia machine screen. An auxiliary flow meter for
oxygen is incorporated in some modern machines that can
deliver an oxygen flow of up to 10 L/min without the machine
being turned on. This enables the anesthesiologist to deliver
oxygen therapy during regional anesthesia and for emergency
resuscitation.

The “back bar”
The back bar is a structure that supports the flow meter block
and vaporizers. This term is used to describe these supporting
components and the gaseous pathways connecting them. Many
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A B C D

Air Air AirN2O N2O N2OO2 O2 O2 Air N2O O2

Figure 20.8. Flow meter assembly. (A) Leak in the airflow meter, leading to a hypoxic mixture. (B) Assembly in a Dräger machine. (C) Assembly in a Datex-
Ohmeda machine. (B and C) A leak in the air or N2O flow meter does not deliver a hypoxic mixture. (D) Regardless of the sequence of flow meters, a break in the
oxygen flow meter always leads to a hypoxic mixture if N2O is being used.

machines use a system that allows the user to add or remove spe-
cific vaporizers quickly and easily while maintaining a gas-tight
system. Some machines have space for a single vaporizer only;
others allow the attachment of two or more vaporizers. How-
ever, only one vaporizer can be turned on at any given time.
There are two popular interlock systems to achieve this: Selec-
tatec (Datex-Ohmeda) and the Dräger medical mounting sys-
tem. Once a vaporizer is attached and turned on, gas flow is
diverted from the back bar into the vaporizer to provide the
required concentration of anesthetic vapor.

High pressure relief valves
Anesthesia machines are also fitted with pressure-relief valves.
In the intermediate-pressure section, these valves are set to open
at about 95 to 110 psig to protect against a defective pressure
regulator. In the low-pressure section, they are set to open at
about 40 kPa (6 psig). These relief valves protect the machine
(not the patient) from high pressures. The patient should be
protected from excessive pressures by relief valves within the
breathing system.

Vaporizers
Vaporizers are devices used in anesthesia equipment that con-
vert volatile anesthetic liquid into vapor and facilitate inhala-
tional anesthesia. All modern vaporizers are precise and agent
specific. Color-coded filling systems are used to ensure the
vaporizers cannot be filled with the wrong agent. The currently
used vaporizers are constructed to be on the machine and are
not suitable for use in the breathing system after the common
gas outlet (CGO). They are calibrated at sea level and are flow
and back pressure compensated. Several types are used inmod-
ern machines.

Variable bypass vaporizers
Sevoflurane, isoflurane, and halothane are administered using
variable bypass vaporizers (e.g., Tec 5 and Tec 7 [Ohmeda] and

Dräger Vapor). The fresh gas stream is split into two streams,
a bypass stream and a stream passing through the vaporiz-
ing chamber. The ratio of the two streams (i.e., the splitting
ratio) depends on the saturated vapor pressure of the spe-
cific volatile agent and is controlled by the concentration dial
(Fig. 12.9).

Functional analysis of the vaporizers:

1. Method of vaporization:The fresh gas passing through the
vaporizing chamber picks up the vapor as it flows over the
liquid agent (flow over or plenum). The gases are directed
to flow through a spiral of wicks soaked with liquid agent,
to increase the time of contact and surface area of
vaporization, thus improving efficiency. The gas exiting
the vaporizing chamber is fully saturated with the vapor,
and the amount of vapor up picked will depend on the
atmospheric pressure (ATP) and the saturated vapor
pressure (SVP) of the agent (Table 20.1) per the
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Figure 20.9. Schematic representation of the structure of a variable bypass
vaporizer.
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following equation:

Vapor (ml)=Fresh gas flowing through vaporizing chamber (ml)

× SV P
AT P − SV P

This equation is useful to understand the performance of a
vaporizer if it is filled with the wrong agent, or if the
vaporizer is being used at a different ambient pressure. The
amount of vapor picked up at sea level when a given
amount of fresh gas (“x” ml) passes through the vaporizing
chamber is as shown here for different agents:

Sevoflurane vapor (ml) x(ml) × 157
760 − 157

= x(ml) × 0.26

Isoflurane vapor (ml) = x(ml) × 238
760 − 238

= x(ml) × 0.456

Halothane vapor (ml) = x(ml) × 243
760 − 243

= x(ml) × 0.47

2. Regulating the output concentration:The flow through the
vaporizing chamber is controlled by the control dial, which
adjusts the ratio of carrier gas entering the vaporizing
chamber to the gas bypassing it (splitting ratio); hence, it is
termed the variable bypass vaporizer. As the dial is turned
to give a higher concentration, the proportion of gas
passing through the vaporizing chamber increases and the
vapor output increases. Because the splitting ratio, which
controls the output concentration, remains constant over a
wide range of fresh gas flows (FGFs), fairly reliable output
concentration can be obtained, even at very low FGFs.

3. Temperature compensation: As volatile liquid vaporizes, it
consumes heat, known as latent heat of vaporization. This
results in the cooling of the liquid and a consequent change
in the SVP, and therefore a drop in the output
concentration. This heat is supplied to some extent by the
metal sink used in the construction (thermostabilization).
In addition, the bypass/vaporizer flow ratio is altered by
either a bimetallic strip or liquid-filled bellows so that the
output remains constant, even after long usage
(thermocompensation).

4. Filling with the wrong agent:Most present-day vaporizers
are fitted with agent-specific filling systems (e.g., keyed
filling system, quick-fill system, easy-fill system). However,
some still use the funnel-fill system, in which it is possible
to fill the vaporizer with the wrong agent. Theoretically, the
ratio of different vapor outputs, as calculated from the
earlier equations, can be used to estimate the output
concentration of an agent administered through a different
vaporizer (Table 20.1).
In the event a vaporizer is filled with the incorrect agent, in
addition to the different output concentrations, one is also

Table 20.1. Approximate output concentration of an agent when
administered through a different vaporizer set to deliver 1%

SVP,mmHG Output
Agent at 20◦C Vaporizer concentration%

Sevoflurane 157 Isoflurane 0.57
Isoflurane 238 Sevoflurane 1.75
Halothane 243 Isoflurane 1.03
Isoflurane 238 Halothane 0.97

likely to face a mixture of two agents. Hence, the current
recommendations state that the unit must be completely
drained and all the liquid discarded. Fresh gas must be
allowed to flow through the emptied unit until the wicks
are dry and no vapor is detected at the outlet.

5. Performance at different ambient pressures:The output
concentration of a vaporizer, calibrated at sea level,
changes when the unit is used at a different ambient
pressure. At a higher altitude, the output concentration is
higher than that set on the dial; in hyperbaric conditions,
the output concentration is lower than that set on the dial.
The magnitude of changes is significantly less when output
partial pressures are considered instead of concentrations.
The effect of ambient pressure on the output concentration
also depends on the changes in density at different ambient
pressures. Consequently, the performance of these
vaporizers at different ambient pressures is variable; hence,
the ASTM anesthesia workstation standards require that
the effects of changes in ambient pressure on vaporizer
performance be stated in the accompanying documents.

Electronic vaporizers
Desflurane vaporizer
Because of the high SVP of desflurane, a special electronic
vaporizer (Tec 6; Ohmeda) is required to administer this agent
(Fig. 20.10).

Functional analysis of the vaporizers:

1. Method of vaporization:The desflurane vaporizer
electrically heats the anesthetic in a sealed chamber to
39◦C, creating a pressure of approximately 1550 mmHg.
At this temperature and pressure, desflurane exists partly
as liquid and partly as vapor. The vapor is added to the
fresh gases in a controlled manner. There are heaters in the
gas pathway to prevent condensation of vapor.

2. Regulating the output concentration:The FGF inlet pressure
(varies with FGF) and the agent’s vapor pressure (varies
with dial setting) are sensed by means of a pressure
transducer (P). Based on the dial setting and FGF, the
required amount of vapor is added to produce the desired
output concentration. This can be considered an addition
of a measured amount of vapor to the FGF. A
microprocessor control achieves this through integration
of a pressure regulator (R1), a variable resistor (R2), and
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Figure 20.10. Desflurane vaporizer. H, heating element; O, flow restriction
orifice; P, pressure transducer; R1: pressure regulator; R2: variable resistor.

pressure transducer (P). The saturated agent flow and FGF
mix before their delivery to the CGO.

3. Temperature compensation: Because the liquid is heated to
a constant temperature above the boiling point of
desflurane and a measured amount of vapor is added to the
FGF, no additional temperature compensation is required.

Aladin vaporizing system
TheAladin vaporizing system, used inDatex-Ohmedaworksta-
tions (S5/ADU and Aisys), is designed for desflurane, sevoflu-
rane, isoflurane, enflurane, and halothane. The cassettes are
magnetically coded to be recognized by themachine as they are
inserted. Only one cassette can be inserted into the machine at
any given time. The electronic controls and concentration dial
are part of the anesthesia workstation, whereas the cassette con-
tains the liquid anesthetic.

Functional analysis of the vaporizers:

1. Method of vaporization:The fresh gas passing through the
vaporizing chamber picks up the vapor as it flows over the
liquid agent (flow over or plenum). The fresh gas passing
through the vaporizer is fully saturated with vapor because
it flows between the agent-soaked wicks and baffles.

2. Regulating the output concentration:These vaporizers
perform like variable bypass vaporizers, but with electronic
controls. The FGF is split into a bypass flow in the machine
and a vaporizing chamber flow in the cassette, and both
flows are monitored constantly. A central processing unit
(CPU) integrates the inputs from the bypass flow sensor,
cassette pressure sensor, cassette flow sensor, and control
dial setting to determine the ratio of bypass to vaporizing
chamber flow and hence the outlet concentration, which is
also monitored constantly.

3. Temperature compensation: Input from the cassette
temperature sensor is integrated into the CPU and
provides temperature compensation by adjusting the flow

through the vaporizing chamber. The metal wicks and
baffles provide thermostability. If the temperature falls
below 18◦C, a fan is activated to facilitate heat transfer.

Direct injection of volatile agents
Technologic advances have led to innovative and reliable con-
cepts of precise dosing of modern inhaled anesthetics. The
volatile anesthetic agents are injected directly into the breathing
system. When combined with a basal FGF in a circle breathing
system, this technique enables rapid control of the agent con-
centration as well asminimal consumption of anesthetic. Direct
injection of volatile agents (DIVA) has been implemented
in the PhysioFlex and Zeus anesthesia machines (both from
Dräger).

The DIVA unit comprises a reservoir unit, dosing chamber,
and heating unit. The reservoir unit stores a quantity of liquid
anesthetic in a tank and delivers it by means of an automatic
injection system. The agent is vaporized in a heated vaporiz-
ing chamber, and the vapor is delivered to the breathing sys-
tem via a heated pipe. The user can set the expiratory target
concentration directly, independent of FGF.A closed-loop feed-
back mechanism is used to achieve the target concentration.
A circuit flow provided by a blower located in the inspiratory
limb of the breathing system provides a homogenous agent
concentration.

Oxygen flush
The oxygen flush allows administration of 100% oxygen at rate
of 35 to 75 L/min to the breathing system. The pressure down-
stream of the pressure regulator is supplied directly to the flush
valve. The oxygen joins downstream of the vaporizers. There is
a check valve to ensure that retrograde flow to the vaporizers is
prevented when oxygen flush is activated. The flush is suitable
for emergency jet ventilation in only a few models, depending
on the position of the check valve; hence, it is not recommended
for this purpose by the manufacturers. The flush works even
if the main switch is not turned on. The valve is placed in a
recessed position to prevent accidental activation. Overzealous
intraoperative usemay lead to patient awareness due to dilution
of anesthetic agent. Accidentally sticking or activating it during
inspiration may lead to pulmonary barotrauma.

Common gas outlet
Themixture of gases and vapors exits the machine via a 22-mm
male/15-mm female conically tapered pipe. The connector
is sometimes fixed, although some manufacturers provide a
swiveling connector. The emergency oxygen flush is located
close to the CGO, although this is not always the case inmodern
machines.
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Chapter

21 Anesthesia ventilators
Yasodananda Kumar Areti and Edward R. Garcia

The anesthesia ventilator has undergone considerable evolu-
tion since the Cattlin bag, used with Boyle’s original anesthesia
machine in 1917. The earliest delivery of anesthesia, in 1846,
used a simple vaporization chamber that required spontaneous
ventilation by the patient to inhale air and diethyl ether. Seventy
years later, Boyle’s anesthesia machine incorporated a breath-
ing circuit and reservoir bag containing the anesthetic gases,
finally allowing the clinician to ventilate the patient, although
this required manually squeezing the reservoir bag. Blease’s
eventual invention of the “pulmoflator” (a simple bellows ven-
tilator) in 1945 enabled automatic positive pressure ventilation
for patients undergoing surgery.Thiswas followed by continued
refinement with the Bird and Bennett ventilators two decades
later.The contemporary anesthesia ventilators on the anesthesia
workstations by Dräger, Datex-Ohmeda, and others integrate
many advanced intensive care unit–type ventilation features
and can provide ventilation to the most challenging patients
brought to the operating room. These anesthesia ventilators
have sophisticated computerized controls, have several modifi-
cations to the circle breathing system, and can provide advanced
types of ventilatory support, such as synchronized intermittent
mandatory ventilation (SIMV), pressure-controlled ventilation
(PCV), positive end-expiratory pressure (PEEP), and pressure-
support ventilation (PSV), in addition to conventional control-
mechanical ventilation (CMV). To use these complicated
techniques safely, it is critical for every anesthesiologist to have
a basic understanding of the mechanics of these ventilators and
breathing circuits.

Commonmodes of ventilation
in anesthesia ventilators
Volume-controlled ventilation
Themost commonly used mode of ventilation during anesthe-
sia is volume-controlled ventilation (VCV), also called volume-
targeted or volume-limited ventilation. In VCV, the ventilator
attempts to deliver a specified tidal volume by delivering a con-
stant inspiratory flow for the programmed inspiratory time.The
airway pressure rises throughout inspiration as the lung vol-
ume steadily increases.The rate of airway pressure rise depends
on the inspiratory flow rate, as well as the total compliance of
the lungs and chest wall. The tidal volume is delivered despite

a decrease in total compliance, at the cost of increased airway
pressure, with the potential for barotrauma. To minimize the
risk of barotrauma, a pressure limit is usually set, and once this
pressure is reached, the ventilator no longer delivers the set tidal
volume. The traditional use of large tidal volumes during ven-
tilation in the intensive care unit (ICU) is also linked to volu-
trauma, and current recommendations suggest that low-volume
PCV may be superior. More challenging patients are undergo-
ing surgery and anesthesia, and the newer options available in
contemporary anesthesia workstations ensure adequate intra-
operative gas exchange. Some of these ventilator options may
be particularly useful for patients requiring extremes of ventila-
tion, such as neonates with very low tidal volumes and patients
with stiff or resistive lungs due to diseases such as acute respi-
ratory distress syndrome (ARDS).

Pressure-controlled ventilation
In PCV or pressure-limited ventilation, the controlled param-
eter is the airway pressure during inspiration. The ventilator
varies the inspiratory flow rate to generate the specified inspira-
tory airway pressure (Fig. 21.1), which tends to produce larger
tidal volumes at lower pressures; therefore it is very useful when
lung compliance is low, such as in laparoscopy, obesity, ARDS,
and pregnancy. In patients with lung disease, there is some evi-
dence that PCVmay result in bettermatching of ventilation and
perfusion.

Disadvantages
Like VCV, PCV is a time-cycled method of ventilation because
the inspiration terminates at the end of the set inspiratory time
(as set by respiratory rate and inspiratory/expiratory ratio).
Because the inspiratory flow rate varies, the total volume deliv-
ered at the end of the inspiratory time varies depending on the
overall lung and system compliance during each inspiration,
which sometimes may result in wide swings of resultant tidal
volumes. If the compliance of the lungs and breathing circuit
is constant, the volumes delivered tend to be constant. If lung
compliance decreases, as with abdominal insufflation, exter-
nal pressure on the chest, or a momentary contraction of the
diaphragm (as with a cough), the airway pressure will increase.
The ventilator will decrease the inspiratory flow to maintain
the set airway pressure; consequently, the volume delivered will
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Figure 21.1. Relationship among tidal volume,
flow, and pressure. (A) VCV and (B) PCV.

decrease. Conversely, when there is a sudden increase in lung
compliance, such as during release of abdominal pressure at the
end of laparoscopy, the subsequent tidal volume will increase
significantly unless the set inspiratory pressure is immediately
decreased.

Synchronized intermittent mandatory ventilation
SIMV was initially introduced as a weaning mode; however,
it has become a standard mode of ventilation from initiation
to weaning. The ventilator delivers a preset number of breaths
and allows patients to breathe spontaneously between ventilator
breaths. If a spontaneous breath is initiated before a controlled
breath is due, the controlled breath is synchronized with the
spontaneous breath, preventing the “stacking” of the machine-
delivered breath on the patient’s spontaneous breath. The total
respiratory rate includes the machine breaths and spontaneous
additional breaths. SIMV has found application in the operat-
ing room to facilitate emergence from anesthesia as the patient
transitions from controlled to spontaneous ventilation.

Pressure-support ventilation
Theuse of laryngealmask airways has led to a dramatic increase
in spontaneous ventilation in the operating room. PSV is a use-
ful adjunct to such techniques. In PSV, the ventilator supports
the patient’s effort by providing programmed pressure assis-
tance throughout the breath. Low values of pressure support
primarily overcome the resistance of the endotracheal tube or
laryngeal mask airway and the ventilator circuit, decreasing the
patient’s work of breathing. The patient’s own ventilatory mus-
culature provides the remainder of thework to generate the tidal
volume. The level of support can be increased to provide the
desired tidal volume after each breath initiation. In strict PSV,
all breaths are patient initiated. Consequently, if there is inade-
quate stimulus for the patient to breathe, apnea will ensue.With

many ventilators, pressure support includes a “backup” or safety
mode. If the patient does not initiate a breath within a certain
period, themachine defaults to amode of controlled ventilation
to ensure adequate ventilation. PSVmode allows more patients
to breathe spontaneously during surgery.

Positive end-expiratory pressure
General anesthesia and positioning during surgery decrease
functional residual capacity, which may lead to pulmonary
atelectasis and intraoperative pulmonary shunting, resulting in
hypoxemia. The magnitude of shunt is correlated with the for-
mation of pulmonary atelectasis, which appears within min-
utes after induction of anesthesia in 85% to 90% of patients.
Application of PEEP has an obvious advantage in such situa-
tions, instead of using a very high inspired oxygen concentra-
tion, which itself predisposes to atelectasis. In addition, PEEP
is essential for patients on ventilator therapy in the ICU who
are undergoing surgery and anesthesia. Application of PEEP
is also known to reduce the incidence of atelectasis in obese
patients undergoing general anesthesia. Application of contin-
uous positive airway pressure (CPAP) during preoxygenation
also is well tolerated and has been shown to prevent atelectasis
during induction, even in morbidly obese patients. Application
of CPAP to the unventilated lung also has been used to improve
oxygenation during one-lung anesthesia.

Challenges specific to anesthesia ventilators
Low-flow inhalational anesthesia
Inhalational anesthesia requires administration of a known
concentration of oxygen, volatile agent vapor, and air or nitrous
oxide. Low flows are used to save costs and minimize pollution
and necessitate the use of breathing circuits with carbon diox-
ide absorption techniques. Traditionally, spontaneous breath-
ing is largely unassisted (manual assistance is done if required)
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Figure 21.2. Modifications in the anesthesia
breathing system using a piston ventilator to
achieve fresh gas decoupling.

and controlled ventilation is achieved by partially closing the
adjustable pressure limiting (APL) valve and squeezing the
reservoir bag.

Traditional ventilators achieve mechanical ventilation with
all the aforementioned objects by enclosing the reservoir bag
(bellows replaced the reservoir bag) in a rigid box,which is pres-
surized intermittently, mimicking the intermittent squeezing of
the reservoir bag. This results in two circuits: one with inhala-
tional agents connected to the patient and the other inwhich the
driving gas pressurizes the rigid box – hence the name double-
circuit technology. These ventilators also are known as “bag-in-
bottle” or “bellows-in-box” ventilators. These bellows may be
hanging bellows or, more commonly, ascending bellows, based
on whether the bellows descend or ascend during expiratory
filling. Descending bellows have the disadvantage of creating
negative pressure during expiration or filling with gases from
the box if there is a leak in the bellows.

Driving the ventilator
Gas-driven ventilators
Thedriving gas in anesthesia ventilatorsmay be compressed air,
oxygen, or a a mixture of oxygen and air delivered by a Venturi

device. If oxygen is the driving gas, one must switch to manual
ventilation in the event of a failure in the pipeline supply neces-
sitating use of oxygen from a type E cylinder.

Piston ventilators
With regard to some modern ventilators (e.g., Dräger venti-
lators), there has been a resurgence in the use of mechanical
devices such as pistons to drive them (Fig. 21.2). These piston-
type ventilators use a computer-controlled stepper motor
instead of compressed drive gas to actuate gas movement in
the breathing system. Instead of dual circuits, with gas for the
patient in one and the drive gas in another, these systems have
a single gas circuit for the patient. These ventilators are classi-
fied as piston-driven, single-circuit ventilators.The piston oper-
ates much like the plunger of a syringe to deliver the desired
tidal volume or airway pressure to the patient.Themajor advan-
tage of the piston ventilator is its ability to deliver tidal volume
accurately to all patients under a wide variety of clinical con-
ditions. There is no oxygen cost of driving gas, and the loss of
tidal volume due to internal compliance of the bellows is elimi-
nated.However, because these ventilators run on electricity, one
must depend on limited battery backup (about 30 minutes) in
the event of a power failure.
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Turbo-Vent
The latest advance in anesthesia ventilation is the use of Turbo-
Vent (Dräger Zeus), a revolutionary closed-system ventilator
consisting of an electric-driven and – controlled compressor
turbine placed in the inspiratory limb. The compressor turbine
is dynamically driven by a brushless DC motor, enabling it to
(i) build up the breathing pressure and deliver the correspond-
ing flow to the patient during inspiration time and (ii) deliver
the circuit flow required to mix the gas within the breathing
system independently from patient inspiratory effort.This ven-
tilator allows spontaneous respiration in all breathing modes
and with virtually unlimited inspiratory flow. Turbo-Vent is
suitable for all forms of ventilation, even those required in the
ICU.

Effect of fresh gas flow on the delivered
tidal volume
Traditionally the fresh gas flow (FGF) is delivered directly into
the breathing system (circle system). This flow, which is added
to the tidal volume delivered by the ventilator, is termed fresh
gas coupling (Chapter 22, Fig. 22.4). If FGF is low, this contribu-
tion will be small; if FGF is high, it significantly contributes to
ventilation. For example, if FGF is set at 6 L/min, then approx-
imately 100 ml of fresh gas flows into the circuit every second.
If the ventilator is set to deliver a tidal volume of 600 ml in
2 seconds, then 200 ml of fresh gas will be added to this vol-
ume, resulting in a total inspiratory tidal volume of 800 ml. If
the FGF is low at 1 L/min, then the additional volume is only
about 33 ml, a minor contribution. Fresh gas coupling might be
particularly hazardous to infants and small children when FGF
is altered.

Fresh gas decoupling
The aim of the contemporary anesthesia ventilator is to ensure
that tidal volume is not affected by FGF. There are several
approaches to dealing with the problem of fresh gas coupling.
The Dräger Julian, Narkomed 6000, and Fabius GS use fresh
gas decoupling, that is, fresh gas is not added to the delivered
tidal volume. Thus, fresh gas decoupling helps ensure that the
set and delivered tidal volumes are equal. These machines use
a piston ventilator, which may be present in either the inspira-
tory limb (Fig. 21.2) or expiratory limb. The action of the pis-
ton closes a one-way decoupling valve, diverting the FGF to the
manual breathing bag during the inspiratory cycle. A series of
electronically controlled valves must work in concert with the
ventilatory phase to accomplish this decoupling. Inmachines in
which the ventilator is present in the inspiratory limb, because
of this decoupling valve, there is no back pressure to close the
expiratory unidirectional valve.Hence, a PEEP/maximumpres-
sure valve is interposed between the patient and the expiratory
unidirectional valve.

The visual appearance of the reservoir bag during this type
of decoupling is unusual:
� Themanual breathing bag, normally quiescent during

mechanical ventilation, moves with each breath.
� Themanual breathing bag movement is opposite the

movement seen in a mechanical ventilator bellows – the
manual breathing bag inflates during inspiration (because
of FGF), and deflates during expiration as the contents
empty into the ventilator. If the reservoir bag is removed,
atmospheric air is entrained and the ventilator functions
without activating any alarms; hence the anesthesiologist
must be aware of this potential problem.

The second approach is fresh gas compensation, which is
used in the Aestiva and S/5 Anesthesia Delivery Unit (ADU).
The volume and flow sensors provide feedback, allowing the
ventilator to adjust the delivered tidal volume so that it matches
the set tidal volume, despite the total FGF, or if there is a
change in FGF. These measurements may be done in the first
few breaths, and compensation is instituted from subsequent
breaths, which may result in high tidal volumes during the first
few breaths.

The third approach used to minimize the effects of FGF
on tidal volume is FGF interruption (Dräger Julian). With this
approach, FGF is measured and reported electronically and the
computer controls interrupt the flow during inspiration.

Effect of breathing system compliance and leaks
on delivered tidal volume
During intermittent positive pressure ventilation, a part of the
tidal volume gets compressed in the breathing system, leading
to a decrease in the delivered tidal volume.This is known as the
internal compliance of the breathing system, which is approxi-
mately 5 to 10ml/cmH2O. Traditional ventilators did not com-
pensate for this loss, and anesthesiologists had to depend on
chest expansion, spirometry, and end-tidal CO2 to ensure that
the ventilation was adequate, and they could not rely on the
volume indicated on the ventilator controls. Compliance com-
pensation is incorporated in some of the modern ventilators
(e.g., Datex-Ohmeda SmartVent 7900, Dräger Fabius). During
the pre-use test, the ventilator assesses the internal compliance
and makes the appropriate changes to ensure that the set tidal
volume is delivered. One has to repeat the self-tests if the cir-
cuit is changed between patients on the surgical list. Alternately,
some machines (SmartVent) monitor the volumes and flows at
both the inspiratory and expiratory limbs of the breathing sys-
tem and ensure that the set tidal volume is delivered through a
servo-feedback loop.

Small leaks around uncuffed endotracheal tubes or laryn-
geal mask airways result in a loss of tidal volume, which is not
detected by pre-use check. This can be compensated only by
measuring the inspiratory and expiratory flows andmaking the
necessary adjustments to deliver the set tidal volume.
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Ability to switch frommechanical
to manual ventilation
During induction of anesthesia, patients are transitioned
through spontaneous breathing tomanual ventilation, followed
by controlled mechanical ventilation. The opposite occurs
during recovery. The isolation of the patient circuit from the
ventilator circuit helps achieve this objective. Adjusting the
pressure-relief valve helps transition from spontaneous toman-
ual ventilation. A manual switch is incorporated in the circuit
to switch between the reservoir bag and the ventilator bellows.
The relief valve in the ventilator circuit is distinct from the APL
valve. It relieves excess gas from the patient’s breathing circuit
at the end of exhalation, contrary to the APL valve during man-
ual ventilation, which relieves excess patient gas during inspi-
ration. The relief valve in the ventilator is kept sealed during
inspiration.

Use of oxygen flush
A more significant problem with fresh gas coupling may result
from activation of the oxygen flush valve during the inspira-
tory phase of the ventilator. As with FGF, this additional flow
(35–75 L/min) adds to the inspiratory flow. This translates to
�1000 ml/sec of flow, leading to buildup of excessive pres-
sures in the circuit, possibly resulting in barotrauma. Hence,
activation of the oxygen flush valve during inspiration must
be avoided, except if using an anesthesia machine specifically
designed to allow it.

Pediatric ventilation
The loss of tidal volume due to breathing system compliance
and leaks around the uncuffed endotracheal tubes has maxi-
mal effect in pediatric patients; therefore, appropriate breathing
systems are chosen for pediatric subjects. In the bellows-in-box
arrangement, smaller ventilator bellowsmust be used to deliver
small tidal volumes accurately.The new piston and turbine ven-
tilators give the clinician flexibility in delivering a wide range of
tidal volumes more accurately and obviate the need to change
bellows.

Waste anesthetic gas scavenging
The exhaled gases in ICU ventilators are vented to the atmo-
sphere. However, anesthesia ventilators should be able to vent
the exhaled gases to the waste gas–scavenging systems in oper-
ating rooms to eliminate operating room pollution. Both the
APL valve in the circle system and the relief valve in the ven-
tilator are suitably modified to achieve this.

Application of positive end-expiratory pressure
Application of PEEP is a solution to counter the effects of anes-
thesia on the pulmonary system. In the past, PEEP valves were
used for this purpose; however, because of the dangers in using

them incorrectly, they no longer are recommended. Modern
ventilators incorporate electronic PEEP control. In standing
bellow ventilators, there normally is an end-expiratory pressure
of +2.5 cm H2O because of the PEEP effect of the ventilator
relief valve. Application of PEEP might result in a loss of tidal
volume set on the ventilator. The position of the PEEP valve
varies in different models of anesthesia ventilators. The Datex-
Ohmeda SmartVent applies PEEP at the ventilator relief valve,
resulting in no loss of tidal volume. Any deviation from the tidal
volume set is sensed by the inspiratory flow transducer, and a
correction is made via the SmartVent compensation system.

Commonly used current models
of anesthesia ventilators
Dräger Divan ventilator
The Dräger Divan is a modern ventilator offering features such
as pressure-control mode, SIMV, correction for compliance
losses, and integrated electronic PEEP. Its piston-driven bellows
are inconspicuous and horizontally mounted. Fresh gas decou-
pling is achieved by diverting fresh gas to the manual breath-
ing bag, which inflates duringmechanical ventilator inspiration
and deflates during expiration. A disconnect causes the manual
breathing bag to lose volume gradually (in addition to activating
other apnea alarms). A pressure transducer within the ventila-
tor measures compliance losses and leaks in the total breathing
circuit (absorber head and corrugated limbs), and appropri-
ate adjustments are made by the ventilator microprocessor to
ensure that the set tidal volume is delivered to the patient.

Dräger Fabius GS ventilator
TheFabius GS is an electronically controlled, electrically driven
piston ventilator; it consumes no drive gas. The piston is verti-
cal and continuously visible. This ventilator has a wide range of
operating parameters to suit adult as well as pediatric patients.
Fresh gas decoupling is achieved by diverting the fresh gas to a
reservoir bag during inspiration. Compliance compensation is
achieved by checking the circuit compliance during the pre-use
check. Leaks in the reservoir bag may lead to air dilution and
possible awareness.

Dräger AV-E and A-2
The Dräger AV-E and A-2 are electrically powered, double-
circuit, pneumatically driven, ascending-bellows, time-cycled,
electronically controlled ventilators. The tidal volume must be
preset with pressure limiting. Inspiratory flow control must be
set properly so that driving gas flow does not create an inspira-
tory pause.

Ohmeda 7000
The Ohmeda 7000 is an electrically powered, double-circuit,
pneumatically driven, ascending-bellows, time-cycled,
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electronically controlled ventilator. It also is a minute-volume
preset ventilator (unique among current ventilators). Tidal
volume cannot be set directly but is calculated from settings
of minute volume and respiratory rate. Inspiratory flow stops
when driving gas equivalent to the set tidal volume has been
delivered to the driving circuit side of the bellows chamber, or
if a pressure �65 cm H2O is attained.

Ohmeda 7900 SmartVent
The SmartVent is a pneumatic, double-circuit, ascending-
bellows ventilator. A microprocessor control delivers the set
tidal volume despite changes in FGF, small leaks, or losses in
breathing system or bellows compliance proximal to the sen-
sors.The flow sensors are placed between the corrugated plastic
breathing circuit and the absorber head, in both limbs.These are
connected to pressure transducers in the ventilator.This ventila-
tor offers desirable features such as integrated electronic PEEP
control and PCV mode. It has been reported that the sensors
may be quite sensitive to humidity, causing ventilator inaccu-
racy or outright failure; therefore the use of a heat/moisture
exchange filter is recommended.

Datex-Ohmeda S/5 ADU ventilator
TheS/5ADU is an electronically controlled, pneumatic, double-
circuit, ascending-bellows ventilator with several unique fea-
tures. Single-switch activation (setting the bag/vent switch to
“auto”) is all that is needed to start mechanical ventilation. FGF
is located between the inspiratory unidirectional valve of the
circle system and the patient. Delivered tidal volume is adjusted
to compensate for changes in FGF and total breathing circuit
compliance losses through the D-Lite sensor at the elbow. This
ventilator can use either oxygen or air as the driving gas and
can switch automatically from one to the other if pipeline pres-
sure is lost. VCV, PCV, and SIMVmodes are offered, along with
integrated electronic PEEP.
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Chapter

22 Anesthesia breathing apparatuses
Jingping Wang and Charles A. Vacanti

Anesthesia breathing apparatuses represent very simple and
logical devices that are exceedingly important for anesthesiol-
ogists to understand. We have elected to start with what we
believe is the simplest example of a basic breathing apparatus.
We explore its limitations and then suggest modifications that
may be beneficial, depending on one’s needs. For the purpose
of this chapter, anesthesia breathing apparatuses are defined as
devices that enhance the ability to breathe a desired or defined
gas or vapor. The reader should note that this discussion does
not include anesthesia machines by which one can effectively
designate the compound to be delivered, ventilators that assist
breathing but are not considered the actual breathing appara-
tus, or masks and other aids to breathing (such as Ambu bags,
Venturi masks, and nasal prongs) not directly related to the
administration of anesthesia.

Our first recollection of a very simple yet effective breathing
apparatus was demonstrated in one of the early Tarzan films, in
which the “ape man” eluded capture by submerging himself in
a pond and harvesting a long reed, through which he was able
to breathe until the natives lost interest and abandoned their
pursuit (Fig. 22.1).

The reed through which he was breathing functioned
similarly to a modern-day snorkel, with some important
differences. A “standard” snorkel is about 50 cm long, with an
internal diameter of 2 cm, resulting in a capacity, or dead space,
of about 150 cm3. If Tarzan’s reed had an internal diameter of
1 cm, it would have contained the same dead space at a length
of approximately 7.5 feet. A smaller-diameter “breathing”
tube would have significantly increased resistance to breathing
(try breathing through a standard soda straw for a period of
time), whereas a tube of larger diameter or length would have
resulted in an unacceptably large dead space (see how long you
can survive by breathing through a garden hose). Too large
a dead space would have prevented Tarzan from effectively
eliminating carbon dioxide (CO2), resulting in rebreathing.
Tarzan might effectively breathe through a tube with a very
large dead space if he were to exhale into the water rather than
back into the tube (this can be achieved easily by adding a
one-way valve that directs inhaled air from the tube into the
lungs, and exhaled air into the water rather than back into
the breathing tube. This simple maneuver converts an open
breathing system to a semi-closed apparatus.

In Tarzan’s reed, or any effective breathing apparatus, the
critical elements are:

1. A sufficiently large and sufficiently compliant reservoir of
inhaled gas (air, in Tarzan’s case) to fully expand the lungs
as needed with little effort. The reservoir in the example is
the virtually unlimited supply of air above the water that
feeds directly into the breathing tube.

2. A conduit of sufficient diameter to conduct the gas being
breathed without creating significant resistance to
breathing. In the example, the reed was at least 1 cm in
diameter.

3. A mechanism to effectively eliminate exhaled CO2. In this
case, breathing through a tube with a dead space
�150 cm3. Alternatively, a one-way valve could be used to
prevent rebreathing of CO2 by diverting exhaled air into
the water, rather than back into the breathing tube. In
Tarzan’s case, this would have created exhaled bubbles in
the pond, revealing his location and resulting in a feast for
the natives. That is precisely why Tarzan did not use a
one-way valve but rather chose a reed with a dead space
�150 cm3.

Based on this simple example, it becomes obvious that if one
wishes to design an effective breathing device for any purpose,
one must identify the objectives, evaluate the theoretical lim-
itations of the device being developed, and make appropriate
modifications to meet each successive need (Table 22.1).This is

Figure 22.1. “Tarzan,” with his new haircut and store-bought trunks, eluding
capture by breathing through a reed while submerged in a pond.
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Table 22.1. Classification of breathing systems

Type Inhalation Exhalation to Reservoir Rebreathing Example

Open Air + agent Atmosphere Nil Nil Open drop T-piece
Semi-open Air + agent from machine Atmosphere Small Minimal T-piece with small reservoir
Semi-closed From machine Atmosphere + machine Large Possible Magill attachment Mapleson systems
Closed From machine Machine Large Yes + CO2 absorbent Circle system

indeedwhat occurred historically in the development of breath-
ing devices used in anesthesia.

If we want to deliver a known mixture of gases and vapors
(in the case of anesthesia, oxygen and anesthetic agents), we
refer to the gas outlet of an anesthesia machine as the gas
source. Because the anesthesia machine itself is presented later,
we schematically represent the machine and its outlet as a box
with a tube (hose) protruding from it and label it gas source.
Now let us put Tarzan to sleep. First, we fashion the infamous
“reed” or basic breathing apparatus out of corrugated tubing to
add flexibility and some compliance while reducing kinks. We
also place the breathing apparatus over his mouth using amask,
then examine the most effective ways to connect this breathing
apparatus to the gas source (Fig. 22.2).

It appears the simplest approach is to run the gas outlet
hose from the machine into the inside of the larger-diameter
breathing tube. This indeed may be quite effective, depending
on how far into the breathing tube the gas source hose is placed
(Fig. 22.3).

We now have created one of the simplest and most effec-
tive “open circuit” breathing apparatuses, called a Bain cir-
cuit. Although it appears to be the simplest, most logical
circuit to develop and one of the most effective open circuits,
it was not described until after several less effective configura-
tions were developed (see later). The breathing apparatus we
designed thus far is also referred to as a modified Mapleson D
circuit, or even a modified Ayre T-piece (that was introduced in
1937 and itself was known as a modified Mapleson E circuit).
These circuits were named according to the order of their his-
torical description, rather than by a logical or intuitive nomen-
clature. Described and analyzed by Mapleson in 1954, all are
variations of theMapleson circuit, but in fact, they are all simple

Gas 
Source 

Outlet hose Breathing tube 

Figure 22.2. The anesthesia machine is represented by a box labeled gas
source with an outlet hose that supplies the gas to the breathing tube. Unless
the gas hose is placed well within the breathing tube, only room air will be
inspired.

variations of the breathing apparatus Tarzan was described as
using many years earlier. The reason seemingly more compli-
cated breathing apparatuses were developed before these sim-
pler, more effective designs is that earlier devices were designed
around a need to provide a gas source contained in a pressurized
cylinder. In 1907, Barth used a reservoir bag and Clover inhaler
to deliver nitrous oxide from a cylinder. A simple anesthetic
delivery system known as the “Magill circuit” was introduced
later.

In one variation of the aforementioned circuit, rather than
run the gas source hose through the entire internal length of
the breathing apparatus, the source hose can run along the
breathing tube and enter the wall of the tube near the mask
(Fig. 22.4e), allowing it to function in exactly the same manner.
When configured in this manner, it is referred to as a Maple-
son E or Ayre T-piece (the modification in which the gas source
tube runs inside the breathing tube was described later, conse-
quently being called amodifiedAyre T-piece). A bag (with a pop-
off valve on its base) can be placed on the end of the breathing
tube (Fig. 22.4f) to enable assisted ventilation, which enhances
CO2 removal and reduces the need for high fresh gas flows to
prevent rebreathing. This additional modification is referred to
as aMapleson F, or the Jackson-Rees modification of an Ayre T-
piece.

Other modifications to this simple breathing apparatus
involve the relocation of pop-off valves at various positions in
the circuit in hopes of reducing rebreathing. As they largely
have been abandoned from clinical use in modern anesthesiol-
ogy, they are mentioned for historical significance and because
knowledge of their names and configuration may be deemed

A B C

Gas 
Source 

Outlet Tube 

Breathing 
Device 

Mask 

Figure 22.3. If the gas outlet hose resides only slightly within the breathing
tube (to A), the patient will breathe exhaled air mixed with room air and very
little fresh gas from the gas source hose. Advancing the gas supply hose
to B improves the delivery of gas and if the flow is sufficient, helps remove
exhaled CO2 by blowing it out of the circuit. The optimal placement of the
gas source outlet tube is as far into the breathing tube (as close to the breath-
ing mask) as possible (C ). When the flow of fresh gas is 1.5 to 2 times the
minute ventilation, exhaled CO2 is effectively washed out of the breathing
tube, preventing rebreathing and CO2 buildup.
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Figure 22.4. (A–D) The historical classification by Mapleson of various breathing apparatuses. (E) Rather than the gas outlet hose being run through the end of
the breathing tube, it can run for a short distance outside the tube and then enter it closer to the mask. This will allow for the addition of a bag on the end of the
tube to assist ventilation. (F) The gas supply hose can run external to the breathing tube and enter the tube adjacent to the mask. This is what is done in an Ayre
T-piece. Again, a bag may be added to assist ventilation, making it a Mapleson F circuit or a Jackson-Rees modification to an Ayre T-piece.

important in an examination. Also analyzed by Mapleson, they
are referred to as Mapleson A through D and are presented
schematically in Fig. 22.4:

� Mapleson A (Magill) – The expiratory valve is near the face
mask. Fresh gas enters the distal end of the tube, prior to
the reservoir bag (Fig. 22.4a).

� Mapleson B – Similar to Mapleson A, but the fresh gas
supply is moved near the face mask, just before the
expiratory valve (Fig. 22.4b).

� Mapleson C (Ambu bag) – Same as Mapleson B, but with a
much shorter conduit (Fig. 22.4c).

� Mapleson D – Identical to Mapleson B, except the
expiratory valve is moved away from the mask, near the
reservoir bag (Fig. 22.4d).

To–fro system
Although these circuits and modified Ayre T-piece systems are
effective and efficient, a high gas flow (1.5–2 times the minute

ventilation) is necessary to prevent hypercapnia. Although this
is useful in small children, in adults it necessitates fresh gas
flows of 10 to 20 L/min that is expensive and inefficient and pro-
duces large amounts of waste gases to be scavenged. A simple
solution to reduce gas flows andwaste (called a “to–fro” system)
is to add a CO2 absorber to any of the aforementioned open
circuit systems. The fresh gas inlet may be connected proximal
or distal to the CO2 absorber. An example of adding the CO2
absorber in a line to a Mapleson F (Jackson-Rees) open system
is shown in Fig. 22.5.

Figure 22.5. Mapleson F (Jackson-Rees) open system. In this example, the
fresh gas flow enters proximal to the canister.
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The first to–fro canister was developed by Waters to deliver
cyclopropane. The system is quite effective but results in less
than optimal mixing of fresh and expired gases when low flows
are used. In addition, the distance from the mask to the CO2
absorber is added as dead space. To reduce the dead space
and improve mixing of gases, an expiratory limb with one-
way valves may be added to the system. The expiratory limb
and gases can then be directed back to the inspiratory limb of
the system after being channeled through the CO2 absorber by
means of the one-way valves. These improvements result in a
“circle system” as described in the following section.

Circle system
In 1926, Brian Sword developed a unidirectional rebreathing
system, referred to as a circle system (Fig. 22.6). The circle sys-
tem consists of a fresh gas inflow directed to an inspiratory
limb and unidirectional valve, an expiratory limb and unidirec-
tional valve, a CO2 absorber, an expiratory pop-off valve, and
a reservoir bag. Circle systems may be classified as semi-open,
semi-closed, or closed, depending on the amount of fresh gas
inflow.

During inspiration, the fresh gas, along with the CO2 in the
reservoir bag, flows through the inspiratory limb and its asso-
ciated unidirectional valve to the patient. During expiration,
the inspiratory unidirectional valve closes and the expired gas
flows through the expiratory unidirectional valve in the expi-
ratory limb to the soda lime canister and to the reservoir bag.
The CO2 is absorbed in the canister. The fresh gas flow from
the machine continues to fill the reservoir bag. When the reser-
voir is full, the relief valve opens and the excess gas is vented
into the atmosphere or, better still, a scavenging system. This
system has the advantages of reduced fresh gas flow (as low
as 250–500 ml/min of oxygen), economy of anesthetic con-
sumption, reduction in atmospheric pollution, and conserva-
tion of heat and humidity. Disadvantages include a complex
design with increased opportunity for malfunction or incorrect
arrangement, slow changes in the inspired anesthetic concen-
tration with low flows, increased resistance to breathing due to
the CO2 canister and valves in the system, and inhalation of
soda lime dust.

Many classifications used in the literature are a source
of confusion and inconsistency. Because it is important for
an anesthesiologist to understand carbon dioxide homeostasis
while using different systems, it is advisable to classify the sys-
tems based on CO2 elimination (Table 22.2). One also should
understand whether a system is efficient during spontaneous
breathing, controlled ventilation, or both, and whether it can
be used for pediatric patients, adults, or both.

Carbon dioxide absorption systems
Circle absorber systems have been used extensively in North
America formore than 30 years.Asmentioned earlier, theywere
developed to reduce the cost and use of expensive gases and

Reservoir bag 

CO2

absorber 

canister 
mask 

Fresh gas inlet 

Pop off valve 

Circle system 

Figure 22.6. A circle system.

inhalational anesthetic agents as well as to reduce the amount of
gas needing to be scavenged, and ultimately the extent of envi-
ronmental pollution.

Two types of absorber are widely used: soda lime and Bara-
lyme. Soda lime consists of 80% calcium hydroxide, 15% water,
4% sodium hydroxide, and 1% potassium hydroxide. As these
pellets are fragile, small amounts of silicate are added to provide
strength and prevent powdering. Baralyme, which is usedmore

Table 22.2. Classification based on CO2 rebreathing (normal working
condition)

No CO2 rebreathing CO2 rebreathing is possible, but the
CO2 level in the patient is determined
by the interaction of:
Minute ventilation
Fresh gas flow and
Arrangement of components

Non-rebreathing valves: these
separate exhaled gases from
inhaled gases:
Nonrebreathing circuits
Self-inflating resuscitation

equipment
CO2-absorbent systems:

To–fro system
Circle system

Mapleson systems
Efficient for spontaneous
respiration: Mapleson A, Lack’s

Efficient for controlled ventilation:
Mapleson D, Bain’s

Efficient for both spontaneous and
controlled
A-D switches
Enclosed afferent reservoir system

T-piece systems
Ayre, Jackson-Rees, Bain’s
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commonly in the United States than in other countries, con-
sists of 80% calcium hydroxide and 20% barium hydroxide; it
also may contain some potassium hydroxide. Unlike soda lime,
the addition of silica to Baralyme granules is not necessary to
ensure hardness. The reaction of Baralyme differs from that of
soda lime because more water is liberated by a direct reaction
of barium hydroxide and CO2.

The reactions of CO2 with absorbers are as follows: For both
soda lime (containing sodium hydroxide) and Baralyme (con-
taining barium hydroxide), the first several steps are the same,
as they both involve reactions of CO2 and water to form car-
bonic acid (CO2 + H2O → H2CO3). In each system, the car-
bonic acid reacts with both calcium hydroxide and potassium
hydroxide (present in eachmixture) to form calcium carbonate,
potassium carbonate, water, and heat. In addition, the carbonic
acid also reacts very quicklywith either the sodiumhydroxide of
soda lime, to form sodium carbonate, or to the barium hydrox-
ide of Baralyme, to form barium carbonate, heat, and water.
With Baralyme, this concludes the reaction, whereas with soda
lime, the sodium carbonate then reacts with a calcium hydrox-
ide mixture (as does the potassium bicarbonate) to form cal-
cium carbonate as well as to reform the sodium hydroxide and
potassium hydroxide found in the original mixture.

The absorbents interact with inhaled anesthetics to some
extent. In some circumstances, interaction of sevoflurane with
the strong bases present in soda lime or Baralyme results in
the formation of compound A that has been shown to cause
nephrotoxicity in animals.These circumstances include (1) low
total gas flow rate (below 1 L/min), (2) higher concentration
of sevoflurane, (3) the use of Baralyme rather than soda lime,
(4) higher absorbent temperatures, and (5) desiccated CO2
absorbent. Exposure of desflurane and isoflurane to soda lime
and Baralyme results in formation of carbon monoxide. Fac-
tors increasing formation include (1) higher anesthetic concen-
tration, (2) higher temperature, (3) dry absorbent, (4) the use
of Baralyme rather than soda lime, and (5) the agent; the mag-
nitude of CO production from greatest to least is: desflurane
� isoflurane � halothane = sevoflurane.

Newer CO2 absorbers (e.g., Amsorb; Armstrong Medical,
Londonderry, Northern Ireland) have recently become avail-
able. They consist of calcium hydroxide with a compatible
humectant (a hygroscopic substance with the affinity to form
hydrogen bondswithmolecules ofwater), namely calciumchlo-
ride. The absorbent mixture does not contain strong bases
such as sodium and potassium hydroxide but does include two
setting agents (calcium sulfate and polyvinylpyrrolidone) to
improve hardness and porosity. New materials are designed to
be effective absorbents of CO2 while being chemically nonreac-
tive with sevoflurane, isoflurane, and desflurane.

To be effective, the granules in the absorbing canisters must
be properly configured to minimize resistance to airflow and
to maximize the mixing of gases. To prevent rebreathing, the

intergranular space should be greater than the patient’s tidal
volume. Soda lime absorbs up to 26 L of CO2 per 100 g. Soft
and crushable granules are converted to hard and noncrush-
able ones (calcium hydroxide changes to calcium carbonate –
limestone), indicating exhausted soda lime. Different manufac-
turers add different indicator dyes to the absorber: some change
from pink when fresh to white when exhausted; others change
from white to purple. Correctly packed canisters allow absorp-
tion throughout, rather than in a columnar fashion. A larger
cross-sectional diameter allows less turbulence, with reduced
resistance and less dust. Baffles in the canisters reduce gas track-
ing down the walls, where spaces are relatively larger.

Indication of absorbent exhaustion
Methods to determine whether the absorbent is exhausted
include the following:
1. Capnography: Appearance of CO2 in the inspired gas is the

best way to detect absorbent exhaustion.
2. Indicators: An indicator is an acid or base whose color

depends on the pH, and the color change is indicative of
absorbent exhaustion. Different manufacturers use
different indicators, including phenolphthalein (white to
pink), ethyl violet (white to purple), Clayton yellow (red to
yellow), ethyl orange (orange to yellow), and mimosa Z
(red to white). Color change may be misleading in certain
circumstances, particularly those resulting in regeneration
(peaking) after a rest period. Amsorb turns purple when
desiccated, an additional advantage that prevents use of
desiccated absorbant.

3. Temperature in the canister: Because CO2 neutralization is
an exothermic reaction, changes in the absorbent
temperature occur earlier than color changes. Studies have
suggested that when the temperature of the downstream
canister is higher than that of the upstream one, the
absorbent should be changed in both canisters.

4. Clinical signs: Clinical signs of hypercapnia, such as
tachycardia, hypertension, cardiac arrhythmias, and
sweating, are usually late signs and are nonspecific.
In conclusion, by understanding these few relatively simple

principles, one should be able to easily evaluate the advantages
and disadvantages of any breathing system with which he or
she is presented, and to effectively troubleshoot problems. We
strongly recommend that those interested in pursuing the prin-
ciples of breathing systems in more depth refer to the web site
listed below.

Suggested readings
Bain JA, Spoerel WE. A streamlined anaesthetic system. Can Anaesth

Soc J 1972; 19:426–35.
Shankar R, Kodali B. Anesthesia breathing system. Available at

http://www.capnography.com/.
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Chapter

23 Electrical safety
Jesse M. Ehrenfeld, Seetharaman Hariharan, and Stephen B. Corn

Introduction
Anesthesiologists have become recognized for their commit-
ment to safety. The specialty of anesthesiology is composed of
several societies whose focus includes taking a proactive role
in developing safety-enhancing approaches to patient care. For
example, the Anesthesia Patient Safety Foundation (APSF) was
highlighted in a Wall Street Journal article for providing an
excellent model for identifying and controlling risk not just
for the specialty of anesthesiology, but for other disciplines of
medicine as well.

Just as drugs and techniques have evolved in the specialty
of anesthesiology, so have technologic developments. Today the
anesthesiologist is faced with an array of displays, monitors,
and alarm systems. Further, with the development of embed-
ded computer and operating systems, anesthesia equipment has
gotten less intuitive in design and in many instances resembles
“black boxes” with complex functions.

Although anesthesiologists can, and often do, become quite
skilled at using awide variety of anesthesia delivery systems and
monitoring and imaging equipment, most do not have a for-
mal engineering or electrical safety background, nor can they
be expected to be experts in all subtleties of equipment design.
Therefore, this chapter provides some basic electrical informa-
tion and an overview of electrical equipment safety issues in
the operating room (OR). It also supplies some simple mod-
els to enhance the clinician’s understanding of OR design and
devices that have been introduced to provide for electrical safety
in patient care areas.

Of note, the goal of this chapter is not to give the reader the
impression that he or she can or should be functioning as a clini-
cal biomedical engineer. It is hoped that an understanding of the
basic design goals and alarm devices will allow the anesthesiol-
ogist to be cognizant of a potential or real electrical safety issue
so that he or she can either remedy it immediately or recognize
that additional assistance is needed. Clearly, the vigilant anes-
thesiologist should remain focused on patient care and invoke
the necessary resources.

The bird and the trolley car: a simplified
approach to patient electrical isolation
A complete understanding of patient electrical safety requires
familiarity with concepts such as isolated power supplies,

induced current, grounded circuits, ungrounded circuits, isola-
tion transformers, and primary and secondary power supplies.
Cursory descriptions of these terms in the clinical classroom
environment rarely seem to clarify the simple reason we strive
to keep patients electrically isolated.

Hence, the bird and the trolley car
Electrical trolley cars get their power from high-voltage over-
head lines. As the trolley travels under the high-voltage line, a
“trolley pole” reaches up and makes electrical contact with the
exposed wire. This contact completes an electrical circuit that
allows current to flow through the trolley pole and power the
motor, lights, and other critical systems of the trolley; finally,
the current flows through the rails to the ground.

The power line (Fig. 23.1) to the trolley car supplies an enor-
mous amount of electrical energy, enough to move a train at
high speeds, and certainly enough to “cook” a small bird. How-
ever, birds land directly on the noninsulated power line, enjoy
the sights, and fly off, without even a singed feather.They can do
so because they are “isolated from ground,” that is, there is no
path for the electricity from the high-voltage line to go through
the bird and then to a grounding source.There is no flow of cur-
rent through the bird, and no harm ensues. Similarly, the goal
is to electrically isolate each patient. That is to be sure to NOT
provide a potential pathway for electricity to exit the patient if
we were to inadvertently contact the patient with a source of
electricity, such as a faulty piece of electrical equipment. (Dis-
cussions related to arcing and other electrical phenomena are

Figure 23.1. Trolley car and power line.
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Figure 23.2. A curious individual.

beyond the scope and intent of this chapter and are left to the
reader to explore further.) Ideally, we aim to isolate the patient
from both the power supply line and ground.

In Fig. 23.2, the curious individual makes contact with the
bird and creates a path for the electrons to flow: from the wire,
through the bird, through the human, and into the ground. An
electrical circuit is completed, with its associated consequences.
It suffices to say that this is not a pleasant experience for either
the bird or the curious person.

Now imagine the bird is a patient on an operating table.The
patient may be electrically connected to one or more pieces of
medical equipment. We need to be sure that we are not putting
the patient in danger by creating a pathway to ground as we
contact the patient and connect monitoring and therapeutic
devices.

These examples are used to clarify some rather complex OR
and hospital circuitry and are not intended to make light of a
significant risk. The examples also should serve as reminders
to clinicians who may be faced with responding to a victim of
electrocution: before physically approaching or contacting any
individual to be rescued, make sure the person and his or
her immediate environment are no longer in contact with an
active power source, as you could become part of the potentially
deadly circuit.

Having discussed the importance of isolating the patient, it
leads us to address the line isolation monitor (LIM). Most sim-
ply, the LIM is a device that continuallymonitors the impedance
(resistance and capacitance) from all lines in the room in rela-
tion to ground and indicates what current might flow to a

patient if he or she came into contact with a line conductor
(i.e., defective equipment). It basically determines how much
grounding is present if a power sourcewere to be applied, as that
will in part determine howmuch currentmightflow through the
patient. An alarming LIM does not mean current is presently
flowing through the patient – it only quantifies the grounding
potential present in the room at that time.

It is understood that unlike the bird sitting on the wire,
which is completely isolated from ground, the circuitry and
equipment in the OR will allow some electrons to “leak” out.
These small ground faults are quantified by the LIM. As long
as the cumulative potential ground leak from all OR equipment
remains small enough, the monitor does not alarm. However, if
the potential ground leak is of a magnitude great enough that
if a current were applied, significant flow might occur through
the patient, then the LIM alarms.

Another device with which to be familiar is the ground fault
circuit interrupter (GFCI) that is commonly found in house-
hold kitchens and bathrooms. These devices typically are not
used in hospital OR environments or where lifesaving equip-
ment is used, because when they are “tripped” or activated by
a ground fault, they interrupt the power supply until they are
manually reset.

It is hoped that the aforementioned models will serve to
enhance the understanding of the following text, which is a
more detailed discussion of some basic electrical principles
in relation to equipment commonly used in hospital environ-
ments.

Basic concepts of electricity
Electricity is the flow of electrons from one point to another
through a substance that is capable of conducting them. When
electrons flow in a constant single direction, the current is said
to be a direct current (DC); when the flow cyclically changes
direction, it is known as an alternating current (AC). The fre-
quency with which the current alternates is measured in terms
of cycles per second or, equivalently, hertz (Hz).

A defibrillator delivers a short DC pulse intended to effect
cardioversion. Household outlets in many countries (such as in
the United States) supply a standardized AC source of 110 volts
at 60 Hz to power electrical equipment. A rectifier can convert
AC to DC power.

Voltage (V), the potential difference between two points of
a conductor (points A and B in Fig. 23.3), is measured in volts.
Electrons move through a conductor when a potential differ-
ence (voltage) and a conduction path exist. Current (I), the
number of electrons per second flowing between the two points,

A

I

B
R

Figure 23.3. Basic principle of electricity.
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is measured in amperes. Resistance (R) is a measure of how dif-
ficult it is for current to flow through the conductor.The typical
unit of measure for resistance is ohms.

The simple flow of electricity through a conductor as
described by voltage, current, and resistance is completely anal-
ogous to the flow of water through a garden hose connected
to a spigot at point A with an open end at point B. As the tap
is opened, a difference in pressure (voltage) between points A
and B drives a stream of water (current) down the hose. A kink
in the hose (resistance) slows the flow of water from A to B
(reduces the electrical current), even though the pressure differ-
ence remains the same. If the tap is opened further, more water
will flow, even though the resistance has not changed.

This somewhat intuitive relationship among voltage, cur-
rent, and resistance leads to themost basic law of electrical engi-
neering, Ohm’s law. Qualitatively, the current is proportional to
the voltage between two points and inversely proportional to
the resistance. Thus, these three parameters are interrelated by
Ohm’s law:

I ∝ V and I ∝ 1/R

V = I × R

Concept of grounding
Figure 23.4 shows the supply of electricity from a wall outlet
that powers a piece of electrical equipment. Point A is the live
terminal of the power source, and point B is the neutral termi-
nal. The potential difference or voltage between points A and B
alternates between+110 V and−110 V at a frequency of 60 Hz
(in the United States) so that together they constitute an alter-
nating current source.When an electrical device is plugged into
an outlet, it contacts both points A and B and completes an elec-
trical circuit between them. Current then flows between the two
points – through the equipment – providing power for lights,
gauges, pumps, computers, and other equipment.

The neutral terminal of an electrical outlet is connected to
a very large conductor capable of receiving an infinite amount
of electrical charge. This large conductor is the earth, which
provides the most common and accessible voltage reference for
electrical circuits and equipment. An electrical connection to
the earth typically is referred to as earth or ground, and things

G

A

C

B

Electrical
equipment

Figure 23.4. Concept of grounding.

that are thus connected are said to be grounded. A conductor
that is grounded loses its charge and assumes a neutral poten-
tial relative to the earth. This is the concept of grounding that
is the basic principle of electrical safety.

When someone plugs a piece of household electrical equip-
ment into an outlet, he or she also is connected to the earth
ground either directly or capacitively through his or her envi-
ronment. Because both the person and the neutral outlet termi-
nal are grounded, they are at the same voltage and the person
could touch that terminal without issue.The live terminal, how-
ever, has an alternating voltage relative to the earth, and touch-
ing that terminal would drive current through the person to
ground – resulting in an electrical shock.

Modern outlets have added a third terminal, the ground ter-
minal, illustrated as point C in Fig. 23.4. This terminal pro-
vides a backup safety path to ground to avoid electrical shock
or arcing in cases in which the electrical equipment is some-
how compromised. Typically, external metallic cases of electri-
cal equipment are connected directly to the ground terminal of
the outlet – reducing the potential for a person to contact a non-
grounded surface.

The outlet described earlier is quite sufficient for most
household uses. However, in areas likely to come in contact with
water, such as kitchens, bathrooms, and outdoor areas, safety
is supplemented through the use of GFCIs. These devices are
set to trip, or turn off the current source, whenever they detect
a difference in current flowing in the live and neutral wires;
the assumption is that the current difference represents current
flowing from the live wire through an individual to ground.
GFCIs work very well in most homes, where shutting down
a piece of equipment is unlikely to have severe consequences.
However, they are not used in ORs because of the risk of inter-
rupting power to a piece of lifesaving equipment.

In the modern OR, two other electrical devices are com-
monly used to reduce the possibility of electrical shock: line
isolation transformers (LITs) and LIMs. An LIT serves to iso-
late the circuitry providing power to OR equipment from the
base power supply of the hospital that is connected to an earth
ground. Creating an isolated (or floating) power supply sepa-
rates the alternating current source that powers the equipment
from earth ground completely. This protects clinical workers
and patients by reducing the possibility of a shock due to an
electrical short or ground fault within the equipment. A per-
fectly isolated power supply does not allow any current to flow
from either terminal to earth ground. Therefore, a single short
between earth ground and either of the isolated power supply’s
terminals will not result in arcing or shock. The floating power
supply will simply “float” to the new potential and continue to
operate.This has obvious advantages over GFCI protection as it
allows OR equipment to operate continuously, even in the case
of an earth ground fault.

It should be noted that an isolated power supply that is
shorted to the earth-based power supply reverts to earth-based
power supply behavior. That is, a second fault would lead to
a short circuit that may result in arcing, shock, and/or loss of
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Figure 23.5. Line isolation.

power due to a circuit breaker. Of note, isolated power supplies
are sometimes referred to as ungrounded.This term has become
part of the nomenclature, but it can be somewhat confusing. In
the strictest sense, the isolated power supply still has a circuit
ground – generally taken to be one of the power terminals. The
distinction is simply that this is not an earth ground but rather a
floating ground. Hence, the term unearthedmay bemore appro-
priate than ungrounded.

Working in conjunction with an LIT is an LIM (Fig. 23.5).
As discussed earlier, the LIM constantly monitors the isolated
power supply and determines the current that could flow to
earth ground if either of the isolated terminals were to be
shorted to ground.The LIM alarms when the current that could
flow in that case, reaches a preset limit. Although a ground fault
may lead to an LIM alarm, a more likely cause of a LIM alarm is
the buildup of small current “leakages” from all the equipment
connected to the isolated power supply and from the LIT itself.
When these small leakages add up to a current sizeable enough
to harm the patient, the LIM alarms.

It should be noted that microshocks, discussed later, may be
a result of currents well below the sensitivity of a typical LIM
and the LIM does NOT protect against microshock.

Interestingly, there is not universal agreement regarding the
installation and use of isolated OR power supplies and devices
as such as LIMs. Some argue that the incidence of medical
device failures that result in patient or caregiver harm is not
well quantified and that evidence should be provided to jus-
tify the cost and maintenance of these systems. It should be
noted further that these complicated electrical safety systems
are not without their own issues. For example, it has been
reported that LIMs have produced spike-like electrocardio-
graphic (ECG) interference.

Presently, OR design is guided by the National Fire Protec-
tion Association 99 (NFPA 99) Standard for Health Care Facil-
ities, 2005.The scope of this document is to establish criteria to
minimize the hazards of fire, explosion, and electricity in health
care facilities providing services to humans.

ECRI, formerly the Emergency Care Research Institute
(www.ECRI.org), is a nonprofit organization with the mission
of bringing the discipline of applied scientific research to health
care to uncover the best approaches to improving patient care.

The 2010 NFPA 99 document is pending at the time of this
writing. This proposed standard is worded to require that iso-
lated power, or other protective mechanisms, be included in
ORs by default, andmay be omitted onlywhen a risk assessment
indicates it is not needed. ECRI has submitted commentary to
the NFPA because ECRI does not believe that isolated power
offers significant electrical safety benefits for most ORs. The
evidence demonstrating adverse incidents is lacking. Of note,
there may be exceptions, such as rooms in which large amounts
of fluids are routinely present on the floor; in these cases, iso-
lated power is advisable. However, ECRI believes it is reason-
able for most ORs not to have isolated power, and that this can
be decided for specific rooms or facilities on an individual basis
when there are special concerns (personal communication).

Electrical hazards in the operating room
environment
Electric shock
An electric shock occurs when the human body contacts
any source of voltage high enough to cause sufficient current
through the tissues.

Static electricity
In earlier days, when highly flammable volatile anesthetic
agents such as diethyl ether were used, most anesthetic equip-
ment (including the anesthesiologist’s shoes) was required to be
“antistatic” to prevent discharge of static electricity. Static elec-
tricity is produced by surface contact that builds up an electrical
charge that gets discharged when the surface comes into con-
tact with a conductor. This discharge is sufficient to produce a
spark that may cause a fire in the presence of highly flammable
anesthetics.

Macroshock
Macroshock is caused by large voltages or currents applied to
the skin or tissues. The effects of the current passing through
human tissue dependon the strength of the current (Table 23.1).
Electrical burns usually are caused by high-density current if
the strength is �100 mA/cm2.
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Table 23.1 Effects of 60-Hz AC on an average human for a 1-second
duration of contact

Current Effect

Macroshock
1 mA (0.001 A) Threshold of perception
5 mA (0.005 A) Threshold of pain and accepted as maximum

harmless current intensity
10–20 mA “Let-go” current before sustained muscle contraction
50 mA Pain, possible fainting, mechanical injury; heart and

respiratory functions continue
100–300 mA Ventricular fibrillation will start, but respiratory center

remains intact
6000 mA Sustained myocardial contractions, followed by

normal heart rhythm; temporary respiratory
paralysis; burns if current density is high

Microshock
100 µA (0.1 mA) Ventricular fibrillation
10 µA (0.01 mA) Recommended maximum allowable 60-Hz leakage

current

Reproduced with permission from Ehrenwerth J. Electrical safety. In: Ehren-
werth J, Eisenkraft JB, eds. Anesthesia Equipment Principles and Applications.
St. Louis: Mosby-Year Book Inc.; 1993.

Microshock
Microshock is caused by small voltages or currents applied
directly or in close proximity to the heart. Microshock may
be applied intentionally, as in pacemaker electrodes; however,
when it occurs inadvertently, it may lead to life-threatening car-
diac dysrhythmias such as ventricular fibrillation. Saline-filled
central venous catheters and arterial lines are potential sources
of microshock if the electrodes of the transducers come in con-
tact with an electrical source. The present design of pressure
transducers is such that they are connected to the monitors by
means of telephone cables using very small voltages, thus they
are relatively safer than older models.

Surface ECGelectrodes are relatively safewith regard to pro-
ducingmicroshock.With the increasing use ofmonitored anes-
thesia care for interventional radiologic procedures, and given
the number of indwelling catheters filled with electrolyte solu-
tion, the potential for the electrical hazard of microshock exists
and needs to be thoroughly understood by the anesthesiologist
and all members of the team.

The American National Standards Institute has set 10 �A
as the maximum allowable current leakage level in the con-
nections of catheters and electrodes contacting the heart. LIMs
cannot detect this small leakage because 2 mA (i.e., 2000 times
larger) is the level at which LIMs warn of leakage.

Electrical hazards from surgical diathermy
Electrically operated surgical electrocautery units discharge
high-intensity currents through a pointed tip to a small surface
area of high resistance. This generates intense heat in the area,
causing tissue coagulation and cutting.The electrocautery units
discharge currents at very high frequency levels, in the range of
300 kHz to 2 MHz. Because excitable tissues cannot respond to

such high frequencies, frequency electrocautery currents do not
cause ventricular fibrillation.

Two types of electrosurgical electrocautery units are com-
monly used by surgeons: unipolar and the bipolar. In unipolar
electrocautery, the more commonly used modality, the current
is passed through the tip of the pencil point equipment (active
electrode), which passes through the tissues of the patient, and
the circuit is completed by the passage of current through the
dispersive electrode pad or return pad (sometimes incorrectly
referred to as the grounding pad). The return pad is often
applied to the patient’s body surface.This pad should be applied
to a wide surface area well coated with conducting gel, and
as far from the heart as possible. Burns may occur if the area
is dry of gel, or if the contact of the dispersive electrode pad
is poor if, for example, it is applied to very hairy skin. Simi-
larly, when a patient becomes wet, which commonly happens
during surgery, the electrocautery current may take different
routes other than the return electrode. ECG electrodes may
become the alternate route for completion of the circuit and
may cause electrical burns if the return electrode contact is
defective.

Bipolar electrocautery is commonly used by neurosurgeons
and vascular surgeons. In this mode, the cauterization is done
by an appliance resembling forceps with two prongs. The cur-
rent is discharged by one prong and passes through the tissue
and then through the other prong back to the console of the
electrosurgical unit.

Another, newer modality, known as the argon beam coag-
ulator, is also a type of electrocautery; anesthesiologists should
not confuse it with argon beam lasers. A jet of ionized argon gas
carries electrical charge from a probe to tissue.This system also
utilizes a return electrode from the patient, as in conventional
electrocautery.

Many concerns with electrical safety in the OR arise from
the use of electrosurgical units, because they can cause elec-
tric shock, burns, explosions, arrhythmias, and disturbances in
pacemakers. In patients who have cardiac pacemakers, elec-
trocautery units may cause interference with the pacemaker’s
discharge of cardiac impulses. Unipolar units may be more
hazardous than bipolar ones in patients with implanted pace-
makers. Hence, for these patients, bipolar electrocautery is
advised whenever possible. If unipolar electrocautery is used,
the return electrode pad should be placed so that the path of
the current from the operative site to the return electrode does
not cross the pacemaker. Backup plans with appropriate pace-
maker magnets and pharmacologic support should always be
available. Though beyond the scope of this chapter, one must
exercise extreme caution when utilizing electrical equipment in
the presence of oxygen sources.

In summary, to prevent electrical hazards in the OR envi-
ronment, the following points are noteworthy:

� Anesthesiologists should be aware of the concepts of
electricity in general and know specifically about the
circuitry in their particular hospital.
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� They also should have a thorough knowledge of the
operating principles of anesthetic and electrosurgical
equipment.

� Proper maintenance of electrical equipment such as
monitors, anesthetic machines, modern vaporizers, and
electrocautery units is paramount for electrical safety. All
equipment should be checked at regular intervals for
electrical leakage and other malfunctions.

� Meticulous efforts should be undertaken to prevent macro-
and microshock.

� There should be interaction among all the OR personnel
with respect to the application and use of electrical
equipment such as electrosurgical units.

� In special situations, such as patients with cardiac
pacemakers, anesthesiologists should be well prepared to
prevent patient morbidity due to the use of electrical
equipment.

Acknowledgments
The authors thank Martin D. Wells, Ph.D., cofounder of
Granite Peak Technology, Newton, MA, for his review of the
manuscript.

Suggested readings
Antony A, Zhang C, Austen W. Operating Room Electrical,

Fire,Laser, and Radiation Safety. In: Sandberg WS, Urman RD,
Ehrenfeld JM, eds.MGH Clinical Essentials of Anesthesia
Equipment, 1st ed. New York: Elsevier Press; 2010: Chapter 29.

Bernstein MS. Isolated power and line isolation monitors. Biomed
Instrum Technol 1990; 24:221–223.

Buczko GB, McKay WP. Electrical safety in the operating room. Can
J Anesth 1987; 34:315–322.

Day FJ. Electrical safety revisited: a new wrinkle. Anesthesiology 1994;
80:220–221.

Hallinan J. Heal thyself once seen as risky. One group of doctors
changes its ways. Anesthesiologists now offer model of how to
improve safety, lower premiums. Surgeons are following suit.Wall
Street Journal June 21, 2005:A1.

Kerr DR, Malhotra IV. Electrical design and safety in the operating
room and intensive care unit. Int Anesthesiol Clin 1981; 19:27–48.

Litt L. Electrical safety in the operating room. In: Miller RD, ed.
Miller’s Anesthesia. 6th ed. Philadelphia: Churchill Livingstone;
2005;3139–3148.

Litt L, Ehrenwerth J. Electrical safety in the operating room:
important old wine, disguised new bottles. Anesth Analg 1994;
78:417–419.

National Fire Protection Association (NFPA 99) Standard for Health
Care Facilities. NFPA 99; 2005.

154



Part 4 Patient Monitoring

Bhavani S. Kodali, editor
Chapter

24 Hemodynamic patient monitoring
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Anesthesiologists have many and varied perioperative roles.
Clearly, one of the most important roles is serving as the ever-
vigilant set of “eyes” to ensure patient safety. Despite the intro-
duction of new methods to monitor the anesthetized patient,
hemodynamic monitoring and the analysis of these well-
known parameters remain central to assessing patient well-
being.

Standards for basic anesthetic monitoring
In an effort to ensure patient safety, the American Society of
Anesthesiologists (ASA) has created “Standards for Basic Anes-
theticMonitoring” (approved by theASAHouse ofDelegates on
October 21, 1986 and last affirmed on October 25, 2005).

In general:

These standards apply to all anesthesia care although, in emergency circum-
stances, appropriate life support measures take precedence.These standards
may be exceeded at any time based on the judgment of the responsible anes-
thesiologist.They are intended to encourage quality patient care, but observ-
ing them cannot guarantee any specific patient outcome. They are subject
to revision from time to time, as warranted by the evolution of technol-
ogy and practice. They apply to all general anesthetics, regional anesthet-
ics, and monitored anesthesia care. This set of standards addresses only the
issue of basic anesthetic monitoring, which is one component of anesthe-
sia care. In certain rare or unusual circumstances 1) some of these methods
of monitoring may be clinically impractical and 2) appropriate use of the
described monitoring methods may fail to detect untoward clinical devel-
opments. Brief interruptions of continual† monitoring may be unavoidable.
These standards are not intended for application to the care of the obstetrical
patient in labor or in the conduct of pain management.

STANDARD I states, “Qualified anesthesia personnel shall be present
in the room throughout the conduct of all general anesthetics, regional anes-
thetics and monitored anesthesia care.”

STANDARD II states, “During all anesthetics, the patient’s oxygena-
tion, ventilation, circulation and temperature shall be continually evalu-
ated.”

Standard II includes specific recommendations with regard to hemody-
namic evaluation.

† Note that “continual” is defined as “repeated regularly and frequently in
steady rapid succession,” whereas “continuous” means “prolonged without
any interruption at any time.”

Specifically, Standard II aims to “ensure the adequacy of the
patient’s circulatory function during all anesthetics”:

1. Every patient receiving anesthesia shall have the electrocardiogram
continuously displayed from the beginning of anesthesia until preparing
to leave the anesthetizing location.∗

2. Every patient receiving anesthesia shall have arterial blood pressure and
heart rate determined and evaluated at least every five minutes.∗

3. Every patient receiving general anesthesia shall have, in addition to the
above, circulatory function continually evaluated by at least one of the
following: palpation of a pulse, auscultation of heart sounds, monitoring
of a tracing of intra-arterial pressure, ultrasound peripheral pulse
monitoring, or pulse plethysmography or oximetry.

The need for real-time invasive hemodynamic data ver-
sus noninvasive assessment of cardiovascular function is deter-
mined by several factors, including the ASA physical status,
type of surgery, anticipated blood loss, and likelihood for hemo-
dynamic instability during surgery.TheACC/AHA 2007 guide-
lines on perioperative cardiovascular evaluation and care for
noncardiac surgery can be used as a risk assessment tool.

Of note, “These guidelines are intended for physicians and
nonphysician caregivers who are involved in the preoperative,
operative, and postoperative care of patients undergoing non-
cardiac surgery. They provide a framework for considering car-
diac risk of noncardiac surgery in a variety of patient and
surgical situations.”

Hemodynamicmonitoring is an essential part of every anes-
thetic and includes directly or indirectly monitoring pressure,
flow, and resistance in the arterial and venous systems of every
patient. The ASA standards of basic anesthetic monitoring
require assessment of adequate circulatory function during all
anesthetics, including measurement of arterial blood pressure
(ABP) and heart rate at least every 5 minutes and continuously
monitoring the electrocardiogram (ECG). Other clinical signs,
such as skin and mucosal color, palpation of a peripheral pulse,
and auscultation of heart sounds, may aid in the assessment
of the cardiovascular system. An adequate signal from a pulse

∗ Under extenuating circumstances, the responsible anesthesiologistmaywaive
the requirements marked with an asterisk (∗); it is recommended that when
this is done, it should be so stated (including the reasons) in a note in the
patient’s medical record.
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Table 24.1. Methods for NIBP measurement

Auscultatory � 1st Korotkoff sound at systolic pressure
� Disappearance of sounds at diastolic pressure
� Mean pressure may be estimated as diastolic

pressure + 1/3 pulse pressure
Oscillatory � Uses the oscillation of the mercury column to

determine the mean arterial pressure
� The basis of automated

sphygmomanometers
� Pressure at maximal oscillations closely

estimates mean arterial pressure
� Pressures at 50% of maximal oscillation on

either side of the mean pressure yield
estimates of the systolic and diastolic
pressures

� Cannot be used in the presence of
nonpulsatile flow, such as during
cardiopulmonary bypass or when an
LVAD is in place

Palpation � Appearance of a distal pulse at systolic
pressure

� Cannot determine diastolic or mean pressure
Ultrasound � Similar to palpation
Arterial tonometry � Uses the principle of photoplethysmography

� Blood flow detected by reflectance of infrared
light

� Dynamic pressure applied by cuff to
determine real-time pressures

� Might potentially work during
cardiopulmonary bypass

LVAD, left ventricular assist device

oximeter or the presence of expired CO2 on capnography may
be a gross indicator of circulation.

The need for real-time invasive hemodynamic data versus
continual noninvasive assessment of cardiovascular function is
determined by the acuity of the patient, type of surgery, and
physiologic reserve of the patient.

Noninvasive arterial blood pressure
monitoring
Noninvasive arterial blood pressure (NIBP) monitoring may
involve direct palpation, use of a Doppler probe, auscultation,
arterial tonometry, or more commonly, oscillometry. Several
methods of NIBP estimation are described in Table 24.1.

Automated NIBPmachines frequently use the oscillometric
method. Blood pressure cuff oscillations are sensed by a trans-
ducer. The lowest cuff pressure with the greatest average oscil-
lation amplitude is sensed as the mean arterial pressure (MAP).
Systolic and diastolic blood pressures are determined by identi-
fying the cuff pressures where the amplitudes of oscillations are
specific ratios of the maximum oscillation amplitude.

Here are some important points to consider:
� Cuff width influences the accuracy of blood pressure

measurements. A narrow cuff may overestimate blood
pressure, whereas a wide cuff may underestimate the
pressure. This is because the pressure necessary to occlude

Table 24.2. Complications of NIBP monitoring

� Bruising and petechiae formation
� Neuropathy
� Measurement errors
� Limb ischemia

the artery is greater with a narrow cuff and less with a wide
one. Importantly, a narrow cuff more greatly overestimates
the systolic blood pressure than a wide cuff underestimates
the systolic blood pressure.

� Patient movement during oscillometric measurement,
including shivering, may cause artifact and can result in
inaccurate measurement.

� Counter-intuitively, more peripheral arterial
measurements result in an exaggeration of the systolic and
pulse pressures as the result of changes in the waveform
morphology. For example, the dorsalis pedis artery
pressure reading may be higher than the aortic root
pressure. It should also be noted that changes in vascular
resistance, such as from hypothermic cardiopulmonary
bypass and vasodilating drugs, can further affect relative
differences in pressure measurements recorded from site to
site.

� Korotkoff described five sounds heard when taking blood
pressure measurements with the auscultatory method.
Typically, systolic blood pressure is measured as the
pressure at which the first Korotkoff sound is first heard,
whereas diastolic blood pressure measured as the pressure
at which the fourth Korotkoff sound is just audible.
Interestingly, the mechanism by which Korotkoff sounds
are generated has not been well understood and many
theories exist.

� The auscultatory gap is the period during which sounds
indicating true systolic pressure fade away and reappear at
a lower pressure point. Failure to recognize this gap can
result in not indentifying hypertensive patients.
Potential complications of NIBP monitoring are listed in

Table 24.2.

Invasive pressure monitoring
Principles of invasive pressure monitoring
Placing a hollow cannula in a vessel of the cardiovascular sys-
tem connecting to calibrated transducers with a fluid-filled
high-pressure tubing system allows for accurate invasive pres-
sure measurements (Table 24.3). Cannulas may be placed in

Table 24.3. Checklist for invasive monitoring

� Intravascular cannula (arterial line/CVC/PAC)
� Infusion and tubing
� Transducer
� Display screen
� Mechanism for zeroing and calibration
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virtually any portion of the cardiovascular system. Commonly,
they are placed in central or peripheral arteries for arterial
pressure, the superior vena cava or right atrium for central
venous pressure (CVP), and the pulmonary artery for pul-
monary artery pressure and pulmonary artery wedge pressure
(PAWP).

Electronic transducer
The cannula is connected to high-pressure tubing that is filled
with saline. This acts as a continuous column of fluid that
transmits intraluminal pressure changes to the transducer
diaphragm that oscillates in response to the pressure waveform.
The movement is converted to an electrical signal by a trans-
ducer. The transducer accomplishes this by acting as part of a
capacitor, inductor, or, most commonly, a strain gauge.

The strain gauge uses variable resistors, the electrical resis-
tance of which increases with increasing length.The diaphragm
of the transducer moves a small plate connected to four strain
gauges. With any one movement, two gauges are compressed
and the other two stretched. All four strain gauges form part of
a Wheatstone bridge, increasing the sensitivity.

Calibration
Calibration is the process of validating a measurement tech-
nique or equipment. It was an important consideration for older
electronic transducers. The standard calibration is a 50 micro-
volt change in potential per 10 mm Hg. Modern systems typi-
cally do not require external calibration because they are man-
ufactured in a standardized manner to tight standards.

Zeroing
Zeroing removes the effect of atmospheric pressure on transmu-
ral pressure of the tubing systemby exposing the transducer sys-
tem to ambient atmospheric pressure. Zeroing is performed by
opening the transducer to atmospheric pressure and electron-
ically setting this atmospheric pressure to zero. Occasionally,
this zero baseline may drift and should be checked frequently,
because even a 5 mmHg drift can represent a significant differ-
ence in low-pressure systems such as CVP.

Leveling
Leveling refers to the placement of an already zeroed transducer
at a particular height where the pressures are sought to be mea-
sured (a reference point). The electrical transducer needs to be
aligned to the superior aspect of the right atrium to measure
the pressure at the level of the heart. This eliminates errors of
measurement that might occur from the hydrostatic pressure
exerted by the column of blood above or below the point of ref-
erence to be measured. A 10 cm change in height will increase
or decrease the pressure reading by 7.5 mm Hg.

To standardize measurements, the position of the right
atrium is assumed to be along themid axillary line. For intracra-
nial procedures, in which the pressure in the circle of Willis is
important, the transducer may be leveled to the tragus.

Figure 24.1. Influence of hydrostatic pressure on monitoring arterial blood
pressure.

Invasive blood pressure monitoring devices measure blood
pressure at the level of transducer and are not affected by level of
the insertion point in the extremity as long as the transducer
is maintained level to the heart. NIBP measurement devices
measure pressure at the level of peripheral artery. Therefore, if
the NIBP measurements are made above or below the level of
heart, then a correction for hydrostatic pressure should bemade
before extrapolating the pressure at the level of heart (Fig. 24.1).

Resonance and damping
The arterial pressure waveform can be represented as a sum of
sine waves (using Fourier analysis). Transducer systems have
their own natural oscillatory frequency, or resonant frequency,
and if the resonant frequency of the transducer systemcoincides
with one of the frequencies making a substantial contribu-
tion to the arterial waveform, resonance and subsequent dis-
tortion of the signal will occur. Arterial pressure monitoring
is designed to keep its natural frequency above 40 Hz, which
is above any of the frequencies making up the arterial wave-
form, thus minimizing resonance. Venous waveforms gener-
ally do not require high-frequency response systems because
they do not have steep waves or high-frequency components
of significant amplitude. Simply, the natural frequency of the
monitoring system needs to exceed the natural frequency of the
arterial system.

Damping is an effect that reduces the amplitude of oscilla-
tions in an oscillatory system. It acts to slow the rate of a change
in signal.The amount of damping in a system is indicated by the
damping coefficient (Fig. 24.2, Fig. 24.3), which describes how
rapidly an oscillating system comes to rest.

Resonance is the tendency of a system to oscillate with larger
amplitude at some frequencies than at others.

� Optimally damped: The system responds rapidly to a
change in signal by allowing a small amount of overshoot
(damping coefficient 0.7).

� Critically damped: No overshooting occurs, but the system
may be too slow (damping coefficient 1.0).

157



Part 4 – Patient Monitoring

U
na

cc
ep

ta
bl

e

D
am

pi
ng

 c
oe

ffi
ci

en
t

Optimal dynamic response

Overdamped

Adequate dynamic response
Underdamped

Natural frequency (Hz)
0

0

0.2

0.4

0.6

0.8

1.0

1.2

5 10 15 20 25 30 35 40 45 50

A

Figure 24.2. Damping coefficient–natural frequency plot displaying differ-
ent areas into which pressure monitoring systems fall. (Modified from Mark JB.
Atlas of Cardiovascular Monitoring.)

� Underdamped: Resonance occurs, causing the signal to
oscillate and overshoot (damping coefficient �0.7).

� Overdamped: The signal takes a long time to reach
equilibrium but will not overshoot. It may not reach
equilibrium in time for a true reading to be given
(damping coefficient �1.0). This may be the result of soft
tubing, an air bubble, a blood clot, or a constriction.

Factors affecting errors in invasive monitoring
1. Zeroing error
2. Leveling error
3. Simultaneous infusion of fluids and drugs

� Rapid administration of fluid in the CVP catheter will
alter measurements

4. Variation with respiration
� Variations occur in all pressure measurements with

spontaneous and positive pressure ventilation
� Considerable variations may occur in CVP and

pulmonary artery pressures during both spontaneous
ventilation and positive pressure ventilation

� Variations may be the result of changes in intrapleural
pressure during the respiratory cycle

� All CVP/pulmonary artery measurements should be
performed at end expiration, when intrapleural
pressure is zero

� Arterial pressure waveform variation with respiration
may be suggestive of hypovolemia or other conditions,
such as cardiac tamponade

5. Excessive positive end-expiratory pressure (PEEP)
� Measured CVP is the intraluminal pressure
� True filling pressure is the transmural pressure in the

right atrium, which is equal to the right atrial pressure
(RAP) minus the sum of intrathoracic pressure and
intrapericardial pressure

1.7 mm

24 mm

17 mm

Figure 24.3. Fast flush method to calculate natural frequency and damp-
ing coefficient of a pressure monitoring system as described by Gardner.
The graph is at tracing speed of 25 mm/sec and shows the arterial pressure
waveform and two square wave flush. Natural frequency is determined by
measuring the period of one cycle between adjacent oscillation peaks (1.7
mm) and the recording speed (25 mm/sec). The natural frequency is 25
mm/sec × 1 cycle/1.7 mm = 14.7 Hz. The damping coefficient is determined
by measuring the height of adjacent oscillation peaks (17 and 24 mm), cal-
culating the ratio (A2/A1)(17/24 = 0.71), and using the formula derived by
Gardner: D = LN{(A2/A1)/[�2 + ln(A2/A1)}2]1/2} to arrive at damping coeffi-
cient (D) of 0.11. (Modified from Mark JB. Atlas of Cardiovascular Monitoring.)

� As transmural pressure varies throughout the
ventilatory cycle, there is a corresponding variation in
venous return

� Application of PEEP increases intrathoracic pressure
throughout the respiratory cycle

� Compliant lungs tend to transmit this pressure to the
right atrium and impede venous return

Arterial pressure
Arterial pressure waveform
The systemic arterial blood pressure (ABP) waveform is gener-
ated when the blood is ejected from the left ventricle into the
aorta during systole, followed by peripheral arterial runoff of
this stroke volume during diastole (Fig. 24.4 and Fig. 24.5).

The morphology of ABP waveform changes as the wave
travels from the aorta to the periphery. Compared with aortic
pressures, peripheral arterial waveforms have a higher systolic
pressure, a lower diastolic pressure, and thus a wider pulse pres-
sure. The pulse arrives at the peripheral site after some delay,
and this is seen in the waveform display. Pressure wave reflec-
tion off the tapering arterial tree is the predominant factor that
influences the shape of the arterial blood pressure waveform.
Patients with reduced arterial compliance (e.g., atherosclerosis,
advancing age) have an increased pulse pressure, late systolic
pressure peak, and disappearance of the diastolic pressure wave
(Fig. 24.6), which is the result of an early return of the reflected
pressure wave.
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Figure 24.4. The systolic components following the R wave on ECG consist
of (1) steep pressure upstroke, peak; (2) systolic peak pressure; and (3) decline,
which correspond to the period of left ventricular systole. The down-slope
is interrupted by the (4) dicrotic notch, which reflects aortic valve closure at
end systole. The remaining decay of waveform, (5) diastolic runoff, occurs
during diastole following the ECG T wave and reaches its nadir at end dias-
tole, (6) end-diastolic pressure. (Modified from Mark JB. Atlas of Cardiovascular
Monitoring.)

Indications for invasive arterial pressuremonitoring include
the following:

1. The need for real-time blood pressure monitoring
2. The need for repeated arterial blood gas sampling
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Figure 24.5. Systolic (S) and diastolic (D) pressures are shown with arrows.
Mean arterial pressure (MAP) is represented by the area beneath the arterial
pressure curve divided by the beat period, and it incorporates the S and D
portions of the cardiac cycle. (Modified from Mark JB. Atlas of Cardiovascular
Monitoring.)
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Figure 24.6. Arterial blood pressure waves recorded simultaneously from
the aortic arch and femoral artery have different morphologies. In this exam-
ple, the femoral artery waveform has a wider pulse pressure (1 and 2); a
delayed upstroke (3); a delayed, slurred dicrotic notch (arrows); and a more
prominent diastolic wave following the dicrotic notch. (Modified from Mark
JB. Atlas of Cardiovascular Monitoring.)

3. Unreliable noninvasive blood pressure; for example, during
cardiopulmonary bypass, severe shock, extreme peripheral
vasoconstriction, arrhythmias, severe burns, morbid
obesity, or patients with an LVAD

4. Dynamic monitoring of fluid resuscitation: systolic
pressure variation, mean pressure variation, or pulse
pressure variation may be used as an indicator of volume
status

Arterial line placement
Themost common site for arterial line cannulation is the radial
artery, given its superficial location and the presence of good
collateral circulation. Other sites include the femoral, axil-
lary, brachial, ulnar, dorsalis pedis, and posterior tibial arteries
(Table 24.4).

Table 24.4. Sites of insertion of arterial lines

Radial � Most commonly performed; technically easy
� Allen’s test not shown to be predictive of ischemic

sequelae
Ulnar � Not recommended if multiple cannulation

attempts were made on the ipsilateral radial artery
� Primary source of hand blood flow

Brachial � Risk of median nerve damage
� Anatomic end artery

Axillary � Risk of nerve injury
� Good collateral circulation
� Hematomas may be difficult to tamponade
� Higher risk of air or atherosclerotic emboli into

cerebral vessels
Femoral � Risk of retroperitoneal hemorrhage

� Large artery – ease of placement in emergencies
� Risk of atherosclerotic emboli to lower extremity
� Rarely used in pediatrics because of the high

risk of thrombosis
Dorsalis pedis
Posterior tibial

� Overestimates systolic pressure
� Avoid in peripheral vascular disease
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Figure 24.7 Positioning the wrist.

TheAllen’s test is used to demonstrate collateral circulation
in a hand prior to cannulating the radial artery. After elevat-
ing the patient’s hand and having the patient make a fist for
30 seconds, pressure is applied over the ulnar and radial arter-
ies to occlude them. The hand is opened and ulnar pressure is
released. If color does not return or returns after 7–10 seconds,
then the ulnar arterial supply to the hand is considered not suf-
ficient and the radial artery cannot be safely cannulated.

Utility of the test, however, is questionable as there are case
reports of ischemic complications despite a normal Allen’s test.
Specifics of the surgery and the patient’s characteristics often
influence the site and side of arterial cannulation.

Several techniques of insertion of the arterial line are used,
including direct arterial puncture, the Seldinger technique,
and the transfixion–withdrawal technique. Ultrasound guid-
ance can be of value in arterial line placement.

Technique
The wrist is placed in the supine position and dorsiflexed on
a roll of gauze, thus stabilizing the artery and making it more
superficial. A soft board and tape may be used to secure and
position the wrist (Fig. 24.7). The radial artery is palpated
between the bony head of the distal radius and the flexor carpi
radialis tendon. The radial nerve is usually found lateral to the
artery. Infiltration of local anesthetic around this area may pre-
vent arterial spasm and also makes the procedure more tolera-
ble for an awake patient.

Catheter over needle
A soft cathetermounted on a sharpmetallic needle (or an intra-
venous catheter) is introduced at about a 45◦ angle. Once the
pulsatile flash of blood is seen at the hub, the angle of the
catheter is lowered to about 10◦ to 15◦.The catheter-over-needle
assembly is advanced a few millimeters to ensure that the tip of
catheter is in the artery. The catheter is then advanced over the
needle into the artery (Fig. 24.8).

Figure 24.8. Over-the-needle technique.

Catheter over wire (Seldinger technique)
A metallic hollow cannula is used to access the artery (with or
without a syringe at the end of the needle). When pulsatile flow
is seen, a guidewire is inserted through the cannula into the
artery. Then, the hollow cannula is removed and a soft arterial
catheter is advanced over the wire into the artery (Fig. 24.9).

Transfixation
Transfixation is a modification of the catheter-over-wire tech-
nique. Following entry of the cannula into the artery, the needle
is advanced through the posterior wall of the artery. The can-
nula is then withdrawn slowly until pulsatile blood flow is seen.
The guidewire is then advanced into the artery through the can-
nula.Then, the cannula is removed, and the soft arterial catheter
is advanced over the wire into the artery.

Ultrasound or Doppler guidance may sometimes be re-
quired in cases of difficulty with blind techniques.

Ultrasound for arterial cannulation
Ultrasound may be used as an aid in the placement of arterial
cannulas. All the techniques described previously can be used
under ultrasound guidance. Improved success and decreased

Figure 24.9. Over-the-wire technique.
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Figure 24.10. Radial artery short-axis view.

complications are some of the advantages of using ultrasound
guidance. However, these benefits have not yet been shown con-
sistently. Both short-axis (Fig. 24.10) and long-axis (Fig. 24.11)
approaches may be used for cannulation.

Complications
Major complications are extremely rare in the absence of other
contributing factors, such as previous arterial injury, protracted
shock, high-dose vasopressor administration, prolonged can-
nulation, and severe atherosclerosis (Table 24.5).

Central venous and pulmonary artery
pressure monitoring
Physiology
Blood returns to the right atrium and generates a pressure that
is referred to as right atrial pressure (RAP) or central venous

Figure 24.11. Radial artery long-axis view.

Table 24.5. Complications of arterial catheterization

Mechanical complications � Hematoma
� Bleeding
� Vasospasm
� Pseudoaneurysm
� Nerve damage
� Atrioventricular fistula

Thromboembolic � Arterial thrombosis
� Air or thromboembolism

Infectious � Bacteremia
� Cellulitis
� Compartment syndrome

Management errors � Interpretation errors
� Measurement errors
� Unintentional intra-arterial

drug injection

pressure (CVP). The terms right atrial pressure and central
venous pressure generally can be used interchangeably. Direct
left atrial pressure (LAP) measurement is far less common than
RAP measurement because of the inherent dangers in its mea-
surement, most notably arterial air embolus and cardiac tam-
ponade.

Cardiac preload is defined as the resting end-diastolic length
of myofibrils and is clinically represented by end-diastolic right
ventricular volume.

Pressure–volume dynamics
The relationship between change in volume and change in pres-
sure yields a compliance curve. Pressure can be measured using
a central venous catheter (CVC), whereas volumemeasurement
is more difficult, requiring calculation. Therefore, this relation-
ship between pressure and volume is used to extrapolate right
ventricular end-diastolic volume from measured filling pres-
sure or CVP. This pressure–volume compliance curve is not
constant and varies among individuals and also under differ-
ent physiologic conditions, even within the same patient. Thus,
assessment of volume status fromCVP is fraughtwith error.The
reader is referred to elsewhere in the textbook for further dis-
cussion of the limitations of CVP in reflecting patient volume
status.

Compliance= change in volume/change in pressure
In normal hearts, CVP also reflects the preload of the left ventri-
cle. In patients with ventricular dysfunction or pulmonary vas-
cular disease, this relationship is lost and a PAWP will be more
reflective of LAP and left ventricular end diastolic volume.

CVP waveform
A tracing of the CVP yields three positive waves – a, c, and
v – and two negative descents – x and y.These are described fur-
ther in Table 24.6. Both the atria and the ventricles have systolic
and diastolic phases. For clarity, the ventricular phases of the
cardiac cycle are used to describe the timing of various events.
Therefore, systole refers to ventricular systole. These phases can
be identified most accurately if an ECG tracing is also used
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Table 24.6. CVP/RAP waves

Component
wave Atrial phase Ventricular phase ECG phase Causative event

Normal
pressures,
mmHg

a wave Systole End diastole P wave Atrial contraction 2–7
c wave Diastole Isovolumic ventricular

contraction
After R wave Tricuspid valve motion toward the atrium

x descent Diastole Late systole S-T segment Atrial relaxation and geometric changes due to
ventricular systole

v wave Diastole Late systole to isovolumic
ventricular relaxation
Early diastole

After T wave Pressure produced when the blood filling the atrium
comes up against a closed tricuspid valve

2–7

y descent Diastole Early diastolic filling Atrial emptying into ventricle on opening of tricuspid
valve

ECG

CVP

P

R

T

x

a

y

DiastoleSystole
c v

a

Figure 24.12. CVP waves synchronized to ECG. (From Mark JB. Atlas of
Cardiovascular Monitoring.)

Table 24.7. Uses of CVCs

� Measurement of CVP
� Administration of vasoactive/inotropic drugs
� Administration of hypertonic solutions and parenteral nutrition
� Administration of chemotherapy, antibiotics, and immunosuppressants
� Hemodialysis and hemofiltration
� Diagnosis of dysrhythmias, particularly nodal rhythms

(Fig. 24.12). Electrical activity always precedes mechanical
activity; there is usually a very short delay of less than 0.1 sec-
ond before pressure changes are noted on the CVP waveform.
Alterations in the ECG rhythm often are reflected in the CVP
waveform, as explained later in this chapter.

Mean CVP is measured as the mean a-wave pressure and
normally ranges from 2 to 6 mmHg. It can be approximated by

Table 24.8. Complications of central venous catheterization

Mechanical complications � Arterial puncture
� Venous injury
� Pneumothorax
� Pericardial tamponade

Thromboembolic � Venous thrombosis
� Air embolism
� Pulmonary embolism

Infectious � Bacteremia, sepsis
� Insertion site infection
� Endocarditis

Management errors � Interpretation errors
� Measurement errors

From Mark JB, Slaughter TF. Miller’s Anesthesia. 6th ed. New York: Churchill
Livingstone; 2004:1265–1362.

averaging the a wave pressure and the trough of the y descent.
(See also Tables 24.7 and 24.8.)

Abnormal CVP waves
Atrial arrhythmias
Because a coordinated atrial contraction does not occur in atrial
flutter/fibrillation, an a wave will be absent from the CVP trac-
ing. Occasional flutter waves may be discernable instead of a
single a wave (Fig. 24.13).

Junctional rhythm and complete heart block
Atrial contraction is usually normally timed to coincide with
ventricular diastole, thus allowing the tricuspid valve to open
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Figure 24.13. Absent a wave as well as a larger c wave seen in atrial fibrillation. (Modified from Mark JB. Atlas of Cardiovascular Monitoring.)
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Figure 24.14. Tall cannon a waves are the result of atrial contraction against
a closed tricuspid valve.∗ denotes an example of a cannon wave. (Modified
from Mark JB. Atlas of Cardiovascular Monitoring.)

and allow blood flow. In cases of altered rhythms such as junc-
tional rhythms, reentrant supraventricular tachycardia, or com-
plete heart block, atrial contraction occurs during ventricular
systole. Atrial contraction during tricuspid closure results in tall
“cannon” a waves (Fig. 24.14). False cannon a waves can be pro-
duced when a transduced port passes through the mitral valve
and detects right ventricular pressures.

a-c Wave
In cases in which the PR interval is shortened, the a and c waves
may temporally appear to havemerged, resulting in an a-cwave.
In the case of tachycardia, diastolic shortening may result in v
and a waves appearing fused.

Tricuspid regurgitation and decreased
right ventricular compliance
Tricuspid regurgitation is a ventricular systolic event resulting
in a rise in atrial pressure due to transmission of ventricular sys-
tolic pressure to the atrium.This coincideswith the vwave of the
atrium, resulting in a tall systolic c-v wave and an obliteration of
the x descent (Fig. 24.15). Differential diagnosis includes condi-
tions in which right atrial compliance is decreased, because this
also may lead to a large v wave. Note that the common clinical
sign of acute tricuspid regurgitation is an enlarged y-descent,
whereas the common clinical sign of acute mitral regurgitation
is a large v wave. This occurs because the compliance of the
pulmonary veins is much lower than the compliance of the cen-
tral venous system, so the regurgitant volume produces a larger
pressure increase (v wave) in the left side compared with the
right.
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Figure 24.15. Tricuspid regurgitation showing tall c-v waves is shown
with a lack of a well-defined x descent. (Modified from Mark JB. Atlas of
Cardiovascular Monitoring.)
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Figure 24.16. Tricuspid stenosis, with a tall a wave and a blunted y descent.
(Modified from Mark JB. Atlas of Cardiovascular Monitoring.)

Tricuspid stenosis
In tricuspid stenosis, the higher pressure gradient required for
flow across the tricuspid valve results in atrial hypertrophy as
well as impedance of passive emptying of the atrium.Thus, a tall
a wave and attenuated y wave are seen (Fig. 24.16). Decreased
right ventricular compliance also may result in a tall a wave.
Because right ventricular diastolic pressure is elevated when
compliance is poor, a higher atrial pressure is required to fill
the ventricle. This is achieved by more forceful contraction of
the atrium.

Pericardial tamponade
Fluid in the pericardium results in decreased ventricular com-
pliance, resulting in impairment of diastolic filling. Because the
y wave occurs as the result of early diastolic filling, y-descent
attenuation is seen in tamponade (Fig. 24.17). The x descent
occurs during ventricular systole, which is unaffected by fluid
in the pericardium.

Pericardial constriction
Chronic constrictive pericarditis results in similar hemody-
namic alterations to that of pericardial tamponade restrictive.
Diastolic filling of the ventricles is restricted, reducing stroke
volume and cardiac output. As in tamponade, the x descent
is unchanged but the y descent is prominent because of rapid
initial filling of the ventricle, which is abruptly terminated by
pericardial restraint. This is often described as theM orW con-
figuration. Following the deep y descent, amid-diastolic plateau
is often seen, which is called the dip and plateau or the square
root sign (Fig. 24.18).
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Figure 24.17. Pericardial tamponade showing a dampened y descent.
(Modified from Mark JB. Atlas of Cardiovascular Monitoring.)
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Figure 24.18. Pericardial constriction showing deep x and y descents as
well as a flatter curve after the y descent marked by an asterisk (∗). (Modified
from Mark JB. Atlas of Cardiovascular Monitoring.)
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Figure 24.19. The CVP pattern for right ventricular ischemia can mimic that
seen in pericardial restriction or restrictive cardiomyopathy with pronounced
x and y descents. (Modified from Mark JB. Atlas of Cardiovascular Monitoring.)

Right ventricular ischemia
Right ventricular ischemia depresses ventricular systole as well
as diastole. Diastolic impairment results in a tall a wave. Systolic
impairment may result in tricuspid regurgitation, causing a tall
v wave, which may be accompanied by a deep x and y descent
(Fig. 24.19).This may appear similar to the tracing seen in peri-
cardial constriction.

Central venous cannulation
Seldinger’s technique of using a guidewire to insert central lines
has become the standard method. An additional finder needle
is often used in internal jugular venous access to decrease the
incidence of carotid puncturewith a large-bore needle.This step
is typically omitted at other sites.

Ultrasound guidance may increase safety and is typically
used at two stages: first, to surface-mark the anatomy of the

Figure 24.20. Landmarks and position for internal jugular venous
cannulation.

target vessel, and second, to access the vein as well as visualize
intraluminal placement of the guidewire in real time.

A number of sites for central venous cannulation are avail-
able (Table 24.9).

Internal jugular vein cannulation
For internal jugular vein (IJV) cannulation, the patient is placed
in Trendelenburg position, which helps distend the vein. The
IJV lies deep to the sternocleidomastoid muscle and follows
a course from just anterior to the mastoid process to behind
the sternoclavicular joint (Fig. 24.20). The IJV may be cannu-
lated at different sites along the course, using landmarks or

Table 24.9. Insertion sites for central venous cannulation

Site Location Advantages Disadvantages

Internal
jugular

Central � Ease of access to the neck for the anesthesiologist
� Ease of floating PACs

� Risk of stroke from carotid punctures
� Difficult to place in patients with unstable cervical spine

External
jugular

Central � Visible superficially
� Lower risk of carotid puncture

� Difficult threading of catheter under clavicle

Subclavian Central � Consistent landmarks
� Good site for tunneled catheters

� Highest risk of pneumothorax
� Arterial puncture
� Chest retractors can dampen waveforms or even occlude

catheters
� Floating PAC via right SCV can be difficult

Femoral Central � Ease of placement
� No risk of pneumothorax

� Tip needs to be supradiaphragmatic to read true CVP
� Highest risk of infection

Basilic Peripheral � Can be used for longer durations � Venous thrombosis
� Needs to be positioned in the central veins or right atrium to

read CVP

From Clutton-Brock TH, Hutton P. Monitoring in Anaesthesia and Intensive Care 1st ed. Edited by Hutton P. Philadelphia, PA: W.B. Saunders; 1994:145–155.
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ultrasound guidance. A finder needle is invariably used in
landmark-guided IJV cannulation to decrease the incidence of
carotid punctures.

Anterior (high) approach
The IJV is cannulated at the level of the larynx. The needle is
inserted along the medial border of the sternocleidomastoid,
angled at 30◦ to the skin, and directed toward the ipsilateral
nipple.

Middle approach
The cannula is inserted at the apex of the triangle formed by the
two heads of the sternocleidomastoid muscle. This landmark is
more reliable when carotid pulsation is weak or absent (as in
cardiac arrest).

Posterior approach
The cannula is inserted along the lateral border of the sterno-
cleidomastoid muscle at the level of the external jugular vein.

Subclavian vein cannulation
The subclavian vein is the continuation of the axillary vein and
arises at the lateral border of the first rib. It passes over the first
rib anterior to the subclavian artery, separated from it by the
scalenus anterior, to join the IJV at themedial end of the clavicle
(Fig. 24.21).

The insertion point is at the junction of medial third and
middle third of the clavicle.This point is alsomarked by a notch
that can be felt on the undersurface of the clavicle. The needle
is introduced while aspirating under the clavicle at this point
and is directed toward the sternal notch. When the vein has

Figure 24.21. Landmarks and position for subclavian vein cannulation.

been cannulated, the Seldinger technique is used to introduce
the catheter over the wire. The subclavian vein cannot be com-
pressedwith direct pressure – therefore, this route is contraindi-
cated in patients with a coagulopathy (Table 24.10).

It should be noted that there is a risk, in any patient, of inad-
vertent cannulation and even laceration of the subclavian artery.
This can cause a large uncontrolled hemorrhage into the tho-
racic cavity. For this reason,many centers do not attempt percu-
taneous subclavian accesswithout the personnel and equipment
immediately available to accommodate this rare, but potentially
catastrophic, complication.

Ultrasound for central venous cannulation
Vascular access by the landmark technique depends on the an-
atomic landmarks; however, anatomic variations often are en-
countered. In addition, vessels may be diminutive, thrombosed,
or even absent in certain circumstances. Ultrasound offers the
advantage of real-time visualization of the vessels, demonstrates
patency and flow, and differentiates arteries from veins using
color Doppler or pulse wave Doppler. B-mode ultrasound pro-
vides two-dimensional (2-D) images that can be used to exam-
ine structures in the transverse and longitudinal planes. For
differentiation, arteries are pulsatile and difficult to compress
with the ultrasound probe while veins are nonpulsatile and col-
lapse or distend, depending on probe pressure, patient position,
and respiration.

Ultrasound is becoming increasingly popular for CVC
insertion because it has been shown to reduce the complica-
tion rate and allows for cost saving. The use of ultrasound has
increased catheterization success rates, reduced the number
of needle passes required for success, and decreased the inci-
dence of complications compared with traditional landmark
techniques. The Agency for Healthcare Research and Quality
recommends the use of ultrasound guidance for placing CVCs
to improve patient care and patient safety.

The Guidance on the Use of Ultrasound Locating Devices for
Placing Central Venous Catheters from theNational Institute for
Clinical Excellence provides the following major recommenda-
tions:

� 2-D imaging ultrasound guidance is the preferred method
for insertion of CVCs into the IJV in adults and children in
elective situations.

� The use of 2-D imaging ultrasound guidance should be
considered in most clinical circumstances in which CVC
insertion is indicated.

� Everyone involved in placing CVCs using 2-D imaging
ultrasound guidance should undertake appropriate
training to achieve competence.

� Audio-guided Doppler ultrasound guidance is not
recommended for CVC insertion.

The American College of Surgeons supports the uniform use of
real-time ultrasound guidance for the placement of CVCs in all
patients.
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Table 24.10. Derived parameters

Derived parameter Formula Normal value

Cardiac index CO/BSA 2.6–4.2 L/min/m2

Systemic vascular resistance (MAP − CVP)/CO × 80 900–1300 dyn ∗ s/cm5

Pulmonary vascular resistance (MPAP − PAWP)/CO − 80 40–180 dyn ∗ s/cm5

Left ventricular stroke work SV × (MAP − PAWP) × 0.0136 58–104 gm-m/beat
Right ventricular stroke work SV − (MPAP − PAWP) × 0.0136 8–16 gm-m/beat
Stroke volume (SV) CO/HR × 1000 60–100 ml/beat
Coronary artery perfusion pressure Diastolic BP – PAWP 60–80 mm Hg
Arterial oxygen content (CaO2) (0.0138 × Hb × SaO2) + (0.0031 × PaO2) 17–20 ml/dl
Venous oxygen content (CvO2) (0.0138 × Hb × SvO2) + (0.0031 × PaO2) 12–15 ml/dl
A-V oxygen content difference [C(a-v)O2] CaO2 − CvO2 4–6 ml/dl
Oxygen delivery CaO2 × CO × 10 950–1150 ml/min
Oxygen consumption [C(a – v)O2] × CO × 10 200–250 ml/min

A-V, arteriovenous; BP, bloodpressure; BSA, body surface area; gm-m, gram-meter; Hb, hemoglobin; HR, heart rate;MAP,mean
arterial pressure; MPAP, mean pulmonary artery pressure; SaO2, arterial oxygen saturation; SvO2, venous oxygen saturation.

However, ultrasound guidance does not eliminate all ad-
verse outcomes. For example, difficulty in visualizing the tip of
the inserted needle and the related potential for injury is driv-
ing the development of advanced ultrasound machines. Incor-
porating embedded sensors in both the needle and ultrasound
probe, these new ultrasound machines are capable of tracking
the tip of the needle in real time.

Performing real-time ultrasound-guided vessel cannulation
Ultrasound can be used to assist with venous cannulation of
internal jugular or femoral veins at their usual locations. The
subclavian vein is accessed at the level of the axillary vein. Asep-
sis is maintained by using sterile gel and a sterile sheath to cover
the probe and cable. The vessels may be visualized in long-axis
(Fig. 24.22) or short-axis (Fig. 24.23) views. Both views have

Figure 24.22. IJV with the guidewire visualized in long-axis view.

their advantages and disadvantages. The short-axis view of the
vessel allows for simultaneous visualization of the artery, but the
needle appears as a pinpoint. This may lead to confusion as to
the exact location of the needle tip. Long-axis allows for visu-
alization of the entire needle at all times but, depending on the
patient and location, may or may not allow for simultaneous
visualization of the artery. This may lead to inadvertent cannu-
lation of the artery if care is not taken.

The image of the vessel to be cannulated should be kept
in the middle of the screen while the needle is introduced. It
is important to minimize pressure on the transducer, particu-
larly for the internal jugular approach, as excessive pressure will
distort the anatomy visualized, often compressing the internal
jugular vein, making the placement of the needlemore difficult.
The needle is usually visible, but often its initial presence is seen
as a distortion of local tissues. As the needle tip approaches the

Figure 24.23. IJV visualized in short-axis view. The normal relationship with
the carotid artery also is seen in this view.
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Figure 24.24. Access needle seen within the lumen of the IJV on real-time
ultrasound.

anterior wall, an indentation is seen until a “give-way” sensation
is felt and the vein re-expands.Theneedle tip should then be vis-
ible within the lumen (Fig. 24.24). The probe is temporarily set
aside on a sterile drape and the guidewire passed in the usual
way.The probe then may be used to confirm that the guidewire
is within the lumen. Visualization of the guidewire in the cor-
rect vessel may not imply that the tip of the wire is in the vein or
the right side of the heart; thus, it may still be necessary to use
manometry or echocardiography to confirm venous access.

Pulmonary artery catheters
Pulmonary artery catheters (PACs) play a vital role in the hemo-
dynamicmonitoring of critically ill patients. However, there has
been considerable debate about their use.

In 1993, the ASA published practice guidelines looking
at the evidence supporting the clinical effectiveness of PACs;
these guidelines were updated in 2003. The guidelines suggest
that PAC monitoring may reduce perioperative complications
if critical hemodynamic data obtained from an “appropriately”
placed PACare “accurately” interpreted and “appropriate” treat-
ment is initiated.

“Assessment of the clinical effectiveness of Pulmonary
Artery Catheters in Management of patients in intensive care
(PAC-Man): a randomized controlled trial concluded that there
is no clear evidence of benefit or harm in managing critically ill
patients with a PAC. The decision to use PAC must be taken
considering risks and benefits on a case by case basis.”

Measured and derived parameters
Measured parameters include the following:
� Intracardiac pressures (normal values mentioned)

� CVP/RAP: 2 to 6 mmHg
� Pulmonary artery systolic pressure (PASP): 15 to

25 mmHg
� Pulmonary artery diastolic pressure (PADP): 8 to

15 mmHg

� Mean pulmonary artery pressure (MPAP):
approximated by PASP + (2 × PADP)]/3 = 10 to
20 mmHg

� PAWP: 6–12 mmHg
� Thermodilution cardiac output (CO)
� Mixed venous oxygen saturation
� Calculation of shunt fractions and gradients
� PCWPmay be used to indirectly assess left ventricular

preload. This relationship is based on the assumption:

PCWP ∼= LAP ∼= LVEDP ∼= LVEDV

Derived parameters are listed in Table 24.10.

Invasive methods tomeasure cardiac output
Fick principle
The Fick principle, developed by Adolf Eugen Fick, is based on
the conservation of mass and states that the amount of a sub-
stance taken up by an organ (or whole body) per unit time is
equal to the arterial minus venous concentration of the sub-
stance multiplied by blood flow.

This principle can be used to measure the blood flow
through any organ that adds substances to, or removes sub-
stances from, the blood. The heart does not do either of these,
but the CO equals the pulmonary blood flow and the lungs add
oxygen to the blood and remove carbon dioxide from it. CO is
a function of VO2, CaO2, and CvO2, where:
� VO2, oxygen consumption, can be measured from the

difference in oxygen concentration between expired and
inspired gas

� CVO2 – venous oxygen content of blood
� CaO2 – arterial oxygen content of blood

CO = VO2/CaO2 − CvO2

Substituting normal values, CO= (250ml/min)/5ml dl−1 =
50 dl/min = 5 L/min

The Fick method is accurate and can be calculated using a
PAC. Several variants of the basic method have been devised,
but their accuracy usually is not validated.

Dilution techniques
Dye dilution technique
A known amount of dye is injected into the pulmonary artery,
and its concentration is measured peripherally. A curve is gen-
erated and is graphed semi-logarithmically to correct for recir-
culation of the dye. CO is calculated from the injected dose, the
area under the curve (AUC), and its duration (Fig. 24.25).

Thermodilution technique
A known volume of cold saline is injected through the port of
a PAC. A distal thermistor measures temperature changes. The
degree of change in the temperature is inversely proportional to
the CO. A plot of temperature change against time gives a curve
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Figure 24.25. CO is derived from the area under curve. Note that the curve
is made by extrapolation. (From Allsager CM, Swanevelder J. Measuring
cardiac output. Br J Anaesth CEPD Rev 2003; 3(1):15–19.)

similar to the dye curve (but without the second peak). CO
is calculated using the Stewart-Hamilton equation. This makes
certain assumptions:
1. Complete mixing of blood and indicator
2. No loss of indicator between the injection site and

detection site and constant blood flow

Q̇ = n∫
c dt

= k(Tcore−Tindicator) Vindicator
t2∫

t1

−�T dt

Q̇ = n∫
c dt

= k(Tcore−Tindicator) Vindicator
t2∫

t1

−�T dt

The amount of indicator (n) is related to its mean concentration
(c), CO (Q), and the time for which it is detected (t2 – t1).

Some newer catheters allow for continuousmeasurement by
using a thermal filament. However, the accuracy of the ther-
modilution technique may be influenced by various factors:
1. Right and left ventricular output may differ in the presence

of a cardiac shunt.
2. Tricuspid or pulmonary valve regurgitation may cause

underestimation or overestimation of CO.
3. Core blood temperatures may vary.
4. Positive pressure ventilation produces beat-to-beat

variations in right ventricular stroke volume during the
respiratory cycle; measured CO will depend on the timing
of the bolus injection.

5. Volume of injectate: even small errors in injectate volume
may result in errors of CO measurement.

6. Speed of injection: duration of injection should be brief
(�3 seconds) and consistent across measurements.

7. Errors in measurement can be created by simulataneous
administration of fluids at a significant rate, even if
administered via a peripheral IV site.

Pulmonary artery catheter flotation
The PAC may be inserted in any of the large central veins. The
right IJV is the preferred route, as it offers the straightest course
to the right heart. When an RAP waveform is seen, approxi-
mately 20 cm from the right IJV (see CVP waveform section),
the balloon is gently inflated with 1.0 to 1.5 ml of air and then
advanced until it crosses the tricuspid valve.

The position of the PAC in the heart is recognized by differ-
ent waveforms (Fig. 24.26). Right ventricular pressure is char-
acterized by a marked increase in systolic pressure (systolic
rise).The PAC then enters the right ventricular outflow tract
and floats across the pulmonic valve into the main pulmonary
artery. Often, this may be complicated by arrhythmias, as the
catheter irritates the right ventricular infundibulum. The pul-
monary arterial waveform is characterized by an increase in
diastolic pressure (Fig. 24.27). On reaching wedge position, the
waveform resembles an LAPwaveform, with a, c, and vwaves as
described earlier. At this point, the balloon occludes the blood
flow and creates a static column of blood between the catheter
tip and the left atrium (Fig. 24.28). As a surrogate for LAP, the
PAWPwaveform sharesmany of itsmorphologic features: a and
vwaves and x and y descents are usually identifiable (Fig. 24.29).
However, PAWP is a representation of LAP that is delayed by
about 160 ms.

Guidelines for catheter placement
Guidelines for catheter placement are as follows:

1. Prior to insertion, proper assembly and functioning should
be confirmed (Table 24.11).

2. A defibrillator and a transcutaneous pacemaker should be
available.

3. As the balloon fills with air, it tends to float to
nondependent regions; certain maneuvers help in flotation:

� Head down aids flotation past the tricuspid valve.
� Right tilt and/or head up aids flotation out of the right

ventricle.
� Head up may reduce the frequency of arrhythmias.
� Valsalva maneuver and release during spontaneous

ventilation increase right heart venous return and may
help flotation.

� Continuous positive airway pressure of 30 to 40 cm
H2O and release during mechanical ventilation increase
right heart venous return and may help flotation.

4. Transesophageal echocardiography may be used to
visualize the catheter position during flotation.

5. Typical distances observed when placing a PAC from the
RIJ insertion site are mentioned in Table 24.12.
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Figure 24.26. Pressure waveforms recorded from a PAC as it passes through the heart. (Modified from Mark JB. Atlas of Cardiovascular Monitoring.)

Complications of pulmonary artery catheterization are listed in
Table 24.13.

Minimally invasive hemodynamic monitors
� Esophageal Doppler:The esophageal Doppler monitor

measures blood flow velocity in the descending thoracic
aorta using a flexible ultrasound probe. This is then
combined with estimated aortic cross-sectional area to give
stroke volume and cardiac output measurements.
Disadvantages include that the aortic cross-sectional area
is typically taken from stored normograms, which limits
accuracy. Erroneous readings may also result from
suboptimal probe positioning. Advantages include that the
device is simple to use and does not require access to the
circulation. There are many clinical studies proving its
utility. Further, it can calculate corrected flow time (FTc) as

a measure of cardiac preload and thus be used to monitor
volume responsiveness in goal-directed therapy. Of note,
the ultrasound COmonitor (USCOM) is a completely
noninvasive Doppler device that measures CO from a
suprasternal Doppler probe.

� Lithiumdilution device: Lithium chloride is injected into
either a peripheral or a central vein, and lithium
concentration decay is then measured with a
lithium-sensitive electrode attached to an arterial line.
Cardiac output is then calculated by integrating the area
under the curve of concentration versus time.
Disadvantages include that the system requires access to
the circulation with repetitive blood draws and that
nondepolarizing neuromuscular antagonists interfere with
the sensor and can give erroneous results. Advantages
include ease of setup and continuous CO measurement
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Figure 24.27. The diastolic contour helps distinguish right ventricular from pulmonary artery pressure. (Modified from Mark JB. Atlas of Cardiovascular
Monitoring.)

with just one arterial line. Further, it can be used to
measure stroke volume and stroke volume variation for use
in goal directed therapy.

� Partial nonrebreathing systems:These systems use the Fick
method for determining CO. Disadvntages include many
technical difficulties, including that changes in dead space
or V/Q matching affect CO measurement. The device also
measures only CO and is not useful for evaluating
intravascular volume and fluid responsiveness. Advantages
include that the device is easy to set up, it does not require
access to the circulation, and it provides for continuous CO
determination.

Figure 24.28. In the wedged position, the PAC creates a static column of
blood connecting the catheter tip to a junction point, where flow resumes
in the pulmonary veins (PV) near the left atrium (LA). (Modified from Mark JB.
Atlas of Cardiovascular Monitoring.)

� Arterial pulse contour analysis:The origin of the pulse
contour method for estimation of beat-to-beat stroke
volume is based on the Windkessel (air chamber) model
described by Otto Frank in 1899. TheWindkessel effect is
the distension of the aorta when blood is ejected from the
left ventricle. Advanced statistical principles are applied to
the arterial pressure tracing to calculate cardiac output.
Disadvantages of this method include requirement for
access to the circulation and the need for a high-fidelity
arterial waveform. Initial systems required calibration,
although a newly released device requires no calibration
with an intravascular indicator and does not need to be
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Figure 24.29. The PAWP wave-
form generally displays two pressure
peaks (a and v waves) compared
with the CVP tracing, which displays
three pressure peaks (a, c, and v
waves). Note that the a and v waves
of the PAWP trace are delayed
relative to the CVP trace, both
because the right ventricle normally
contracts before the left ventricle
and because of the timing delays in
the propagation of left atrial waves
to an occluded pulmonary artery
(Modified from Mark JB. Atlas of
Cardiovascular Monitoring.)
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Table 24.11. Components of a typical PAC

Component Function

Proximal lumen � Measures RAP
� Injects fluid for thermodilution CO

Distal lumen � Measures pressures as catheter is advanced
� When appropriately positioned, measures

PASP, PADP, and PCWP
Balloon � When inflated, directs catheter forward with

blood flow
� Occludes a branch of pulmonary artery to

create a continuous, static column of blood
that connects the pulmonary artery, via a
segment of the pulmonary vasculature, to the
left atrium

Thermistor � Located just proximal to distal port and
balloon

� Helps calculate CO by thermodilution
Additional features � Additional lumen for drug infusion

� Lumen for pacing wire
� Atrial and ventricular pacing electrodes
� Fiberoptic bundles that allow continuous

determination of mixed venous oxygen
saturation

� Ability to perform continuous CO monitoring
using a thermal filament

� Rapid-response thermistor to measure right
ventricular ejection fraction

recalibrated during hemodynamic instability. Advantages
include its ease of use, the need for only an arterial line (no
central line), continuous CO measurements are provided,
and stroke volume and stroke volume variation can be
measured.

� Transpulmonary thermodilution technique (TTT):The
TTT system uses a central line to calculate CO by
transpulmonary thermodilution and an arterial line
(femoral, axillary or brachial, but not radial) as a pulse
contour device to measure CO. Disadvantages include the
requirement of a central line and arterial catheter placed in
a major artery. As such, the technology is not truly
minimally invasive. Advantages include the provision of
continuous CO measurements, estimation of extravascular
fluid, and use in goal-directed therapy. Further, the system
can be used with in-situ arterial and central lines.

� Thoracic electrical bioimpedance (TEB): TEB is based on
the assumption that thoracic impedence is dependent on
the blood flow within thoracic cavity. High-frequency
low-amplitude current is transmitted from electrodes and
the impedance to the current flow is measured with

Table 24.12. Distances for PAC placement from right internal jugular
cannulation site

Puncture site Destination Distance, cm

Right internal jugular vein Right atrium
Right ventricle
Pulmonary artery
Pulmonary artery
wedge

20
30–35
40–45
50

Table 24.13. Complications of pulmonary artery catheterization

During insertion � Arrhythmias/fibrillation
� Right bundle branch block
� Complete heart block in patient with prior

left bundle branch block
� Placement in incorrect locations

Mechanical � Pulmonary artery rupture
� Catheter knots
� Pulmonary artery pseudoaneurysm
� Endocardial injury
� Cardiac valves damage
� Catheter migration

Infectious � Endocarditis
� Sepsis

Thromboembolic � Mural thrombus
� Pulmonary infarction
� Venous thrombosis

Management errors � Interpretation errors
� Measurement errors

another set of electrodes. Disadvantages include that the
system relies on numerous mathematical assumptions and
is prone to errors from hemodynamic instability,
arrhythmias, changes in venous blood and lung water,
ventilation, electrocautery, and surgical manipulation.
Although the device is completely noninvasive, current
iterations of the technology do not suggest that the device
will become a routine modality for measuring CO.

In awell-written recent study,Harvey et al. note that of the avail-
able minimally invasive CO monitors, the esophageal Doppler
and arterial pulse contour devices have the best likelihood of
replacing the PAC for CO measurement. Further, both the
esophageal Doppler and the arterial pulse contour devices have
been shown to reduce postoperative morbidity when used with
an intraoperative goal-directed fluid strategy.
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Chapter

25 The electrocardiogram and approach to diagnosis
of common abnormalities
Usha B. Tedrow

In 1924, William Einthoven received the Nobel Prize in
Medicine for his description of the electrical waves coming
from the heart measured at the body surface. He named the
components of the waves, which are discussed later, and identi-
fied many disease states of the heart associated with abnormal-
ities of these waves. The electrocardiogram (ECG), as we use
it today, is an essential tool for the management of patients. It
represents a variety of vectors from each of the body surface
electrodes placed in standard fashion.The information gleaned
from these vectors can give information about heart rhythmdis-
orders, presence of ischemic heart disease, cardiomyopathy, and
even some extracardiac processes.

The ECG is printed on standard paper with single square
millimeter boxes and heavier 5-mm increments. These heavier
increments are further demarcated into 25-mm square boxes.
The standard paper speed is 25 mm/sec, so the 25-mm squares
each represent 1 second of time, the 5-mm increments repre-
sent 200 ms, and the 1-mm boxes represent 40 ms. The ampli-
tude of the signals is determined by the standardization signal
at the upper left of the ECG, indicating the number of boxes for
a 1-mV signal. A normal standardization shows 10 mm for a
1-mV signal (Fig. 25.1), although in patients with hypertrophy,
standardization may be only 5 mm.

40 msec

200 msec

1 second

1 
m

v QRS

P T

I

Figure 25.1. Grid, standardization, and measurements for ECG.

ECG leads
There are two types of leads represented on the surface ECG:
limb leads and precordial leads. The limb leads are the result
of vectors between electrodes placed on the right arm, left arm,
right leg, and left leg. The standard precordial leads are derived
from electrodes placed on the anterior chest wall from the ster-
num to the midaxillary line.

Limb leads
Limb lead I has the negative electrode on the right arm and
the positive electrode on the left arm, and points at 0◦ in the
cardiac frontal plane (Fig. 25.2). Therefore, right-sided cardiac
impulses create a positive deflection in lead I, and left-sided car-
diac impulses create a negative deflection in lead I. Limb lead II
has the negative electrode on the right arm and the positive elec-
trode on the left leg and points at 60◦ in the frontal plane. Limb
lead III has the negative electrode on the left arm and the pos-
itive electrode on the left leg, and points at 120◦ in the frontal

Lead I

Lead IILead III

aVF

aVR aVL

0°

-30°

+110°

+180°

+90°

-90°

Figure 25.2. Frontal plane axis. The standard and augmented limb leads
are shown on a plot of the frontal plane axis. The curved arrow indicates the
range of normal axis, from −30◦ to 110◦ .
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plane. Leads II and III, along with lead aVF (described later)
are the “inferior” leads. Impulses initiating from high to low in
the heart inscribe a positive deflection on these leads, whereas
an impulse from near the diaphragmatic surface heading in a
more superior direction would inscribe a negative deflection.

The augmented limb leads are aVL, aVR, and aVF.The aug-
mented vector left (aVL) has a positive electrode on the left
arm and a shared negative electrode on the right arm and left
leg, and it points at −30◦ (Fig. 25.2). This lead gives left–right
information similar to lead I.The augmented vector right (aVR)
points at −150◦ and has a positive electrode on the right arm
and a shared negative electrode on the left arm and left leg. It is
sometimes termed an intracavitary lead because it can give vec-
tor information about the direction of endocardial activation of
the left ventricle. Last, lead aVF, the augmented vector foot, is
formed by the positive electrode on the left leg and the com-
bined negative electrode on the right and left arms. This lead
points at 90◦ and is one of the inferior leads.

Precordial leads
The standard precordial leads in adults are placed across the left
chest. They are unipolar leads, unlike the limb leads discussed
earlier.Their negative electrode is a shared common ground for
the whole ECG system, called theWilson’s central terminal.The
positive electrode for V1 is placed to the right of the sternum at
the fourth intercostal space.The electrode forV2 is placed oppo-
site, to the left of the sternum at the fourth intercostal space. V4
is placed at the midclavicular line in the fifth intercostal space,
and V3 is placed between V2 and V4. V6 is placed at the midax-
illary line, and V5 is placed between V4 and V6. The precordial
leads give a horizontal depiction of the cardiac activation, in
contrast to the limb leads, which give a depiction of the vertical
axis. Leads V1 andV2 give an idea of the direction of ventricular
basal septal activation, and V5 and V6 give an idea of apical left
ventricular activation.

Electrical events in the heart
The normal heartbeat originates from the sinoatrial node, a
structure located on the outside (epicardial) surface of the junc-
tion between the superior vena cava and the right atrium.
The signal from these pacemaker cells propagates through the
atrium to the atrioventricular (AV) node, located at the junction
between the atria and the ventricles at the septum. The atrial
depolarization is fromhigh to low and therefore produces a pos-
itive P-wave deflection in the inferior ECG leads (II, III, and
aVF).

The AV node has slow conduction relative to the rest of the
myocardium and acts mainly to delay impulses traveling from
atrium to ventricle, producing the isoelectric component of the
PR interval.TheAVnode consists of a compact portion and two
or three lobes that join with the His bundle, the beginning of
the His–Purkinje system, located at the anterior aspect of the
ventricular side of the tricuspid annulus. In contrast to the AV
node, the His–Purkinje system, consisting of the right and left

bundle branches, has very rapid conduction relative to the rest
of themyocardium; therefore, conduction spreads rapidly down
the bundle branches, with subsequent activation from apex to
base.The left bundle branch is activated slightly before the right,
producing the initial upward deflection in V1 in normal hearts
and the physiologic septal Q waves in V6. Ventricular depolar-
ization proceeds from endocardium to epicardium, inscribing
the rest of the QRS complex (Fig. 25.1). Ventricular repolariza-
tion then produces the ST segment and T wave.

A place to start
As is the case for chest radiography or other diagnostic tests,
it is important to have a system for assessing the ECG, so
that both important and subtle ECG abnormalities are dis-
covered. One proposed sequence for looking at the ECG is to
evaluate the rate, rhythm axis, and intervals and then turn to
chamber enlargement, bundle branch blocks, and ST-T–wave
abnormalities.

Rate
A normal adult heart rate is between 60 and 100 bpm; slower
rates are considered bradycardia and faster ones tachycardia.
The heart rate can be estimated by taking the number of mil-
liseconds between heartbeats and dividing it into 60,000 ms/
min. For example, if there are 10 1-mm boxes between QRS
complexes, each representing 40 ms, or a total of 400 ms/beat,
this would yield a heart rate of 150 bpm (60,000ms/min divided
by 400 ms/ = 150 bpm). For irregular rhythms, the number of
QRS complexes on a rhythm strip in 3 seconds multiplied by 20
can give an estimate of the average heart rate.

Rhythm
The assessment of heart rhythm is more challenging. First, is
there a P wave in front of each QRS complex? Does the P wave
look like a sinus rhythm P wave (positive in the inferior leads)?
Is the rhythm regular or irregular? Are there more P waves than
QRS complexes, such as in atrial flutter, or are there more QRS
complexes than Pwaves, as in ventricular tachycardia? Is pacing
present?

Bradycardia
If bradycardia is identified, typically defined as a heart rate leas
than 60 bpm, it requires further assessment for the etiology.
Young, healthy athletesmay have asymptomatic sinus bradycar-
dia and even sinus pauses nocturnally due to vagal tone. How-
ever, older patients with age-related sinus node dysfunction also
may have sinus bradycardia or even junctional rhythm. Sinus
bradycardia has a P wave in front of each QRS complex with a
fixed PR interval. If the P waves are regular, the PR interval pro-
longswith each successive beat, andultimately there are blocked
Pwaves with no accompanyingQRS complex, this is considered
second-degree heart block, Mobitz type I (Fig. 25.3). This sug-
gests an AV conduction problem at the level of the AV node. If
the P waves are regular and the PR interval is fixed with blocked
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Sinus Bradycardia

Mobitz II Block

Complete Heart Block

Mobitz I Block

II II aVL
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Figure 25.3. Bradycardia.

P waves, this is a second-degree Mobitz type II block. Mobitz
II is more serious than Mobitz I in that Mobitz II suggests a
diseased infranodal conduction system and potentially unreli-
able ventricular rhythm. Even more serious is complete heart
block, in which the P waves are regular and normal to brady-
cardic in rate, the QRS complexes are regular, there is AV dis-
sociation, and the ventricular rate is slower than the atrial rate.
Whereas complete heart block may occur paroxysmally related
to delay in the AV node, complete AV block often is an unsta-
ble rhythmassociatedwith a severely diseased distal conduction
system and an unreliable ventricular escape.

Tachycardia
Patients with tachycardia also warrant close inspection of the
ECG to determine the etiology. Sinus tachycardia – a heart
rate �100 bpm and P waves positive in the inferior leads, sim-
ilar to normal sinus rhythm – is most common. Etiologies
include pain, hypovolemia, and hyperadrenergic states such
as hyperthyroidism. More rarely, sinus tachycardia may be an

intrinsic state (inappropriate sinus tachycardia) or even the con-
sequence of sinus node reentry.

Narrow complex (QRS�120ms) or supraventricular tachy-
cardias (SVTs) are divided into regular and irregular categories
(Fig. 25.4). Regular tachycardias include several entities. Atrial
tachycardia, in which the P wave is different from that of sinus
rhythm, has an RP that is longer than the PR interval. AV node
reentrant tachycardia is the result of a reentrant circuit involv-
ing the tissue of theAVnode andmost typically has anRP that is
exceedingly short, because the atria and ventricles are activated
nearly simultaneously. AV-reciprocating tachycardia is a circuit
involving an accessory pathway for the retrograde limb; it also
has a short RP, but the retrograde conduction times are slightly
longer than for AV node reentrant tachycardia. Common atrial
flutter is a regular tachycardia caused by a large macroreentrant
circuit with a wave front revolving around the tricuspid annu-
lus. In typical counterclockwise atrial flutter, thewave front pro-
ceeds up the atrial septum and down the right atrial free wall,
inscribing negative P waves in the inferior leads. Patients in
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Atrial Tachycardia                                                                Multifocal Atrial Tachycardia

AV Node Reentrant Tachycardia                                          Atrial Flutter

AV Reciprocating Tachycardia                                             Atrial Fibrillation
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Figure 25.4. Narrow tachycardia.

typical atrial flutter may present with variable heart rates but
often present with a heart rate near 150 bpm with P waves
at twice the ventricular rate (Fig. 25.4). Regular narrow com-
plex tachycardias, including junctional ectopic tachycardia and
junctional reciprocating tachycardia, are rarer in adults but
more common in the pediatric population.

Irregular narrow complex rhythms include multifocal atrial
tachycardia (Fig. 25.4), in which there are P waves in front
of each QRS complex, but they are of differing morpholo-
gies. A minimum of three different P waves is required to
diagnose multifocal atrial tachycardia. The arrhythmia is com-
monly secondary to an active pulmonary process. In contrast,
atrial fibrillation is irregularly irregular, with no clear P waves
seen.

Wide complex rhythms (QRS duration �120 ms) are more
challenging. They may result from a supraventricular rhythm
with bundle branch block (see later). Ventricular tachycardia is
marked by evidence of AV dissociation, sometimes with fusion
or capture beats interrupting the rhythm.These beats represent
AV conduction capturing the ventricle during AV dissociation,
and one is marked C in Fig. 25.5. Ventricular pacing also may
produce awide complex.More rarely, an accessory pathway act-
ing as the antegrade limb for SVT alsomay produce awide com-
plex rhythm.

Special scenario: accessory pathways and
Wolff–Parkinson–White syndrome
When the normal His–Purkinje system is bypassed by a band
of myocardial tissue connecting the atrium and ventricle, this
is termed an atrioventricular bypass tract. Bypass tracts or
accessory pathways allow antegrade-only, retrograde-only, or
bidirectional conduction. Antegrade-only conducting acces-
sory pathways are rare, occur most commonly on the right ride
of the heart, and connect atrial tissue to portions of the right
bundle branch. Because they insert directly into Purkinje tis-
sue, these are called atriofascicular fibers, also knownasMahaim
fibers. In contrast, retrograde-only AV accessory pathways are
called concealed because their existence is not apparent on the
surface ECG; however, the pathway can still support ortho-
dromicAV reentry.Wolff–Parkinson–White (WPW) syndrome
is defined as occurring in the setting of a bidirectional conduc-
tion accessory pathway.

WPW syndrome is a common cause of SVT and atrial fib-
rillation, and may be a cause of sudden cardiac death. In sinus
rhythm, the ECG demonstrates a delta wave: fusion of con-
duction down the normal His–Purkinje system and the acces-
sory pathway producing a slurred upstroke to the QRS complex
and a shortened PR interval (Fig. 25.6). During AV reentry
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Ventricular Tachycardia with Capture Beat

Ventricular Pacing

Atrial Pacing with Bundle Branch Block
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Figure 25.5. Wide complex.

tachycardia (AVRT), the arrhythmia may be orthodromic with
conduction down the normal AV node and His–Purkinje sys-
tem and retrograde conduction up the pathway. In this setting,
the QRS complex is narrow in tachycardia and no delta wave is
seen, because the accessory pathway is being used for the retro-
grade limb of the tachycardia (as seen in Fig. 25.4).

Less commonly, the AVRT circuit also may proceed in
the opposite direction, with conduction down the accessory
pathway and retrograde up the AV node, termed antidromic
AVRT. The tachycardia in this case is a regular wide com-
plex tachycardia that at times is difficult to distinguish from

Figure 25.6. Delta
wave.

ventricular tachycardia. In WPW syndrome, the accessory
pathway refractory period may be exceedingly short, allow-
ing for rapid conduction to the ventricles not possible via
the AV node. The presence of the accessory pathway itself
also predisposes to atrial fibrillation. The danger of sud-
den cardiac death in WPW syndrome comes in the setting
of atrial fibrillation when the accessory pathway refractory
period is short. In this situation, conduction through the path-
way may be exceedingly rapid (Fig. 25.7), producing a rapid,
irregular, wide complex rhythm. Because of the rapid ven-
tricular conduction, degeneration to ventricular fibrillation is
possible.

Axis
The normal frontal plane axis ranges from −30◦ to 110◦ (Fig.
25.2). More negative axes are termed left axis deviation and
more positive ones are known as right axis deviation. If leads
I and II are completely positive, the frontal place axis is normal.
If lead I is positive and leads II and III are negative, there is left
axis deviation. If lead I is positive, lead III is negative, and lead
II is indeterminate, this is a leftward but physiologic axis (Fig.
25.8). Conversely, if lead I is negative, there is right axis devia-
tion, usually accompanied by positive deflections in the inferior
leads.
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Figure 25.7. Preexcited atrial fibrillation in WPW syndrome.
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Figure 25.8. Normal and left frontal plane axis.
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QRS
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QT

Figure 25.9. ECG intervals.

When thinking about the axis, it is important to consider
the causes of an abnormal axis. Common causes of left axis
deviation include left ventricular hypertrophy (LVH), left ante-
rior hemiblock, elevated hemidiaphragm, and posterior path-
way preexcitation in WPW syndrome. Causes of right axis
deviation may include mechanical shifts due to emphysema
or pneumothorax, right ventricular hypertrophy, left poste-
rior hemiblock, anterior pathway preexcitation in WPW, and
dextrocardia.

Intervals
The normal intervals on surface ECG should be assessed from
the limb leads only, and from the lead that gives the longestmea-
surement. The upper limit of the PR interval (Fig. 25.9) is 200
ms, or five 40-ms 1-mm boxes. Prolongation of the PR inter-
val suggests so-called first-degree AV block. The upper limit of

normal QRS duration is 120 ms, or three 1-mm boxes. Prolon-
gation suggests ventricular myocardial conduction delay, in the
form of a bundle branch block, preexcitation, ectopic ventricu-
lar beats, or ventricular pacing.

The QT interval is heart-rate-dependent and is normally
shorter at faster heart rates and longer at slower ones. Thus,
an instantaneous measurement of the QT should be corrected
to the QTc using Bazett’s formula to account for the heart rate
dependence. The QTc is equal to the measured QT divided
by the square root of the RR interval in seconds. For a heart
rate of 60 bpm, the QTc is equal to the measured QT. A nor-
mal QTc ranges from 300 to 450 ms. Prolongation of the QT
may be congenital, as in congenital long QT syndrome. (See
Fig. 25.10.)

Perhaps more importantly, however, QT prolongation
may be drug induced. Antiarrhythmic drugs, methadone,
phenothiazines, and macrolide antibiotics are frequent
causative agents (www.Qtdrugs.org). Dramatic QT prolonga-
tion is associated with sudden cardiac arrest due to torsades
de pointes and therefore is very important to recognize.
Drug-induced torsades de pointes is typically induced by
a short-long–short interval sequence with a characteristic
undulating disorganized ventricular arrhythmia that follows
(Fig. 25.11).

Chamber enlargement
P-wave morphology can help determine whether there is atrial
enlargement or abnormality. Leads II and V1 give the best
assessment of atrial enlargement. If the P wave is more than 2.5
1-mm boxes wide (100 ms) in lead II (Fig. 25.12), this suggests
left atrial enlargement. Supporting evidence is that the larger
component of the P wave in V1 is downgoing and at least a 1-
mm square in size. Conversely, right atrial enlargement is sug-
gested by a P wave that is more than 2.5 1-mm boxes in height.

I aVR V4

V5V2aVLII

V3 V6III aVF

V1

Figure 25.10. ECG with QT prolongation.
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III

Figure 25.11. Torsades de pointes.

Anupgoing component to the Pwave in leadV1 is also support-
ive of right atrial enlargement.

The QRS morphology can give evidence of LVH. The fol-
lowing assumes a normal QRS duration. A simple criterion for
LVH is an R wave in aVL �11 mm, as seen in Fig. 25.13. An S
wave in leadV2 orV3 plus anRwave inV5 �35mmalso suggest
LVH. A leftward axis (as in Fig. 25.8) or frank left axis deviation
may accompany LVH. Additionally, repolarization abnormali-
ties consequent to strain are often seen in the lateral and apical
leads in this setting.

Bundle branch blocks
Bundle branch blocks occur when there is disease of the His–
Purkinje system causing more delay in one of the bundle
branches relative to the other. Bundle branch block may be
caused by ischemia or infarction of the heart, cardiomyopathy,
or age-related calcification. Because the His–Purkinje tissue
has more rapid conduction than the surrounding myocardium,
when the bundle branches are functioning normally, the QRS
complex is narrow. When one of the bundle branches is dis-
eased, conduction proceeds rapidly down the unaffected bundle
branch, then propagates more slowly through the myocardium
on the affected side. The result is lengthening of the QRS dura-
tion beyond 120ms (three 1-mmboxes). Additionally, when the
QRS is prolonged, the normal axis of the T wave (repolariza-
tion) is opposite themain axis of the QRS, also known as appro-
priate T-wave discordance.

Left Atrial Enlargement        Right Atrial Enlargement 

II II

VI VI

Figure 25.12. Atrial enlargement.

Left bundle branch block
In the case of left bundle branch block, the complex is mainly
downgoing in leadV1 with aQSwave or rSwave in leadV1 and a
monotonic R wave in leads I and V6. The example in Fig. 25.14
shows an rS in lead V1 (small R wave, large S wave). It also is
notable in the example that where the QRS is downgoing (leads
V1–V3), the T wave is upgoing. Conversely, where the QRS is
upgoing (e.g., in leads II, III, and aVF), the T wave is downgo-
ing. Left bundle branch block does not completely preclude the
diagnosis of ischemia or infarction in patients with chest pain.
ST-segment or T-wave changes from a baseline ECG may indi-
cate ischemia or infarction.Normally, T-wave changes are in the
direction opposite the major QRS deflection. Certain findings
are highly suggestive of acute infarction, including ST elevation
≥1 mm in same direction as the major deflection of the QRS
complex, ST depression �1 mm in V1 through V3, and ST ele-
vation �5 mm in the opposite direction of the major deflection
of QRS.

Fascicular blocks or hemiblocks
The left bundle has two fascicles: anterior and posterior. Block
of only one of these results in a hemiblock, also known as a
fascicular block. Left anterior hemiblock manifests as left axis
deviation without a discernable cause, whereas left posterior
hemiblock presents as marked right axis deviation. The QRS
duration typically is between 100 and 120ms.The left axis devi-
ation seen in Fig. 25.8 is an example of left anterior hemiblock.

Right bundle branch block
In right bundle branch block, the complex in V1 is mainly pos-
itive with a terminal R wave. The complex may have an rSR′

pattern, as shown in Fig. 25.15, but a qR or an R wave also is
acceptable. There also should be a slurred S wave in leads I and
V6, which is seen best in lead I in our example. Interestingly, in
right bundle branch block, some leads are wide and others are
narrow. In the narrow leads (e.g., I, V5, andV6), theTwave is the
same direction as the QRS complex. In the wide leads (e.g., III
and V1–V3), the T wave again exhibits normal T-wave discor-
dance, with the Twave opposite themain axis of theQRS.These
are all part of the normal repolarization pattern in right bun-
dle branch block. Ischemia and infarction are identified more
readily in right bundle branch block and have similar criteria to
those described in the following section.
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Figure 25.13. Left ventricular hypertrophy.

ST and T waves
Ischemia and infarction
An important application of the ECG and the analysis of ST
segments and T waves is the diagnosis of ischemia and infarc-
tion. Acute infarction is the result of a coronary artery occlu-
sion. Early phases of infarctionmay display tall-peaked Twaves
on the surface ECG, called hyperacute T waves. As early as
minutes into the infarction, ST-segment elevation (Fig. 25.16)
is seen in characteristic leads. Infarction of a small territory
can also manifest as ST-segment depression or T-wave inver-
sion in some patients. Injury usually is not reversible with-
out prompt restoration of blood flow to the myocardium. In

contrast, ischemia is caused by an insufficient blood supply
to meet the demands of the myocardium. Ischemia usually
is a combination of fixed coronary narrowing and increased
myocardial demand (e.g., hypertension, tachycardia, anemia,
metabolic stress) and can be controlled in most settings by
decreasing myocardial demand with medication. The ECG in
ischemia most typically shows ST-segment depression but also
may show T-wave inversion.

The coronary arteries usually supply stereotypic areas of the
heart, reflected in particular leads on the surface ECG. The
left anterior descending coronary artery supplies the anterior

I aVR V4

V2aVLII

V3III aVF

V1

V5

V6

Figure 25.14. Left bundle branch block.
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I aVR V4

V2aVLII

V3III aVF

V1

V5

V6
Figure 25.15. Right bundle branch block.

wall, the anteroseptum, and the anteroapex of the left ventri-
cle. Leads V1 and V2 represent the septum, V3 and V4 represent
the midanterior wall, and V5 and V6 represent the anteroapex.
The left anterior descending coronary artery usually has diag-
onal branches supplying the lateral wall, represented by leads
I and aVL. The right coronary artery supplies the inferior wall
of the left ventricle in most patients and is represented on the
surface ECG by leads II, III, and aVF, the inferior leads. The
left circumflex supplies the posterior wall in most patients, and
depending on the size of the artery, it also may supply some

of the inferior and even lateral territory. The posterior wall is
least well seen on surface ECG, but acute injury can manifest as
ST-segment depression in V1 and V2 (opposite that seen in the
anterior wall). Right ventricular infarction also may be difficult
to discern on surface ECG, but if a right-sided precordial rV4
lead is placed (at the right midclavicular line at the fifth inter-
costal space), ST-segment elevation can confirm right ventricu-
lar infarction.

If coronary blood flow is not restored quickly after an
acute infarction, Q waves will develop in the infarcted zones.

I aVR V4

V2aVLII

V3III aVF

V1

V5

V6

Figure 25.16. Acute myocardial infarction.
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Figure 25.17. Old myocardial infarction.

Pathologic Q waves generally are defined as those lasting 40 ms
(one 1-mm box) or with an amplitude 25% of the QRS com-
plex. T-wave inversions appear next and may persist for weeks;
if they persist beyond 6 weeks, this suggests development of an
aneurysm.

Figure 25.16 shows an acute anterior infarction due to occlu-
sion of a large left anterior descending coronary artery. This
artery was large enough to “wrap around” some of the inferior
wall and produce the ST-segment elevation in the inferior leads.
Fig. 25.17 shows the same patient weeks later, with resolution
of most of the ST-segment elevation and repolarization change.
Large pathologic Q waves are present in leads V1 through V5 as
well as leads III and aVF.

It is important to mention that other entities can mimic
myocardial ischemia and infarction. Repolarization abnormal-
ities with strain in LVH can produce T-wave inversion and
ST-segment depression. Early repolarization and rare entities
such as Brugada syndromemay produce ST-segment elevation.
WPW syndrome can produce Q waves similar to those seen
in old infarction because of preexcitation of the ventricle via
an accessory pathway. Pericarditis and electrolyte abnormali-
ties such as hyperkalemia also can mimic acute ischemia and
infarction.

Electrolyte abnormalities
Many electrolyte abnormalities can produce characteristic
changes on the surface ECG. Hyperkalemia causes dramatic
prolongation of the cardiac action potential. Signs of hyper-
kalemia on ECG include tall-peaked T waves, which sometimes

are confused with the early stages of acute myocardial infarc-
tion (hyperacute T waves).The QRS complex may become pro-
longed in a pattern often uncharacteristic of a typical bundle
branch block pattern (Fig. 25.18), and the heart rate may be
slowed. P waves may be reduced in amplitude or may be absent.
The PR interval may be prolonged, and AV dissociation may
be present. When hyperkalemia is severe (e.g., �7.0 mmol/L),
both bradyarrhythmias and ventricular tachycardia may occur.
Pacemaker systems also may fail to capture the myocardium
in this setting despite good positioning of the leads and other
connections. Hypokalemia, in contrast, can produce an ECG
similar to that seen in hypocalcemia (discussed later). There
may be flattening of the T waves or even ST depression or T-
wave inversion; a prominent U wave may be seen as well.

In hypercalcemia, the action potential repolarization is
accelerated, which can produce tall-peaking T waves with a
slightly shortened QT interval. When hypercalcemia is severe,
the QRS may become broadened, in a pattern very similar to
that seen in hyperkalemia. In the setting of hypocalcemia (Fig.
25.18), the QT interval is prolonged consequent to delayed
action potential repolarization. The T waves are characteristi-
cally flattened, sometimes with a prominent U wave. The QRS
typically is narrow. The PR interval may be shortened, and the
ST segment may be slightly depressed.

Digitalis effect and toxicity
Digitalis (or digoxin) blocks the sodium–potassium adeno-
sine triphosphatase-mediated exchanger in myocardial cells
and also has modest vagolytic properties. The normal effect of
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Figure 25.18. Common electrolyte abnormalities.
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Figure 25.19. Digitalis effect/toxicity.
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digoxin compounds is to slow the heart rate without lower-
ing blood pressure, although this effect is limited in the set-
ting of high sympathetic tone. Digoxin also mildly increases
contractility, although an important effect in outcomes of heart
failure populations has not been consistently demonstrated. At
normal levels, slight depression of the ST segment is often seen,
predominantly in V3 through V6, and is termed digitalis effect;
it is not evidence of toxicity. At higher doses, toxicity may be
present. It is important to remember that digitalis toxicity is
a continuum and that despite a “normal” digoxin level, a sus-
ceptible patient may have toxicity if his or her clinical syn-
drome is characteristic. The classic arrhythmia seen in early
digitalis toxicity is paroxysmal atrial tachycardia with block.
The patient in Fig. 25.19 has classic signs of digitalis effect, seen
in leads V5 and V6, but also has an oddly slow atrial tachy-
cardia with prolonged PR interval, suggesting digitalis toxicity.
As the degree of toxicity worsens, bradyarrhythmias and ven-
tricular tachycardia may be present. To reverse toxicity in this
setting, use of the antidote compound Digibind (GlaxoSmith-
Kline, Research Triangle Park, NC), a purified Fab fragment of
a digoxin-specific antibody raised in sheep, should be consid-
ered. Ventricular arrhythmias, when present, are best treated
with the sodium channel blocker phenytoin or lidocaine, and
temporary pacing should be considered to bridge the patient
through bradyarrhythmias.

Summary
Overall, when approaching the surface ECG, it is important to
have an organized system for looking at the large amount of
information contained therein. Suggested in this chapter is a
system for looking at the rate, rhythm, axis, and intervals. This

is followed by assessment of chamber enlargement and bun-
dle branch blocks. Last, ST and T waves are examined carefully
for evidence of ischemia and infarction or metabolic derange-
ment. Although not exhaustive, this systemmay give the reader
a starting point for learning more about the surface ECG and
its implications.
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26 Pulse oximetry and capnography
Zhiling Xiong and Bhavani S. Kodali

Pulse oximetry
Pulse oximetry (oximeter) is a standard of care for monitoring
oxygen during anesthesia. It is a noninvasive method of mea-
suring oxygen saturation of hemoglobin (SpO2) on a continu-
ous basis to detect hypoxia.The device displays digital numbers
for oxygen saturation and pulse rate, in addition to a continuous
display of perfusion waveform (plethysmography).

Principles of pulse oximetry
The general principle of pulse oximetry is based on the Beer-
Lambert law. It is a measurement of the transmission of red
(600- to 750-nm wavelength) and infrared (850- to 1000-nm)
light through the pulsatile tissue beds, which subsequently
determines the light absorption characteristics of oxygenated
and deoxygenated hemoglobin (Hb). According to the Beer-
Lambert law, the intensity of transmitted light decreases expo-
nentially as both the concentration of the substance (due to
absorption) and the distance traveled through the substance
increase.OxygenatedHbabsorbsmore infrared light and allows
more red light to pass through, thus appearing bright red to the
naked eye. In contrast, deoxygenated (or reduced) Hb absorbs
more red light and allows more infrared light to pass through,
thus appearing blue or cyanotic (Fig. 26.1).

Sensing the pulsatile arterial flow is required for pulse
oximetry to work. At the measuring site, many constant light
absorbers are always present.These include the skin, soft tissue,
bone, as well as venous, capillary, and nonpulsatile components
of arterial blood, all constituting baseline absorption of the
light.The pulsatile expansion of the arteriolar bed increases the
light path length and further increases light absorbency over
the baseline (Beer-Lambert law; see earlier).This change in light
absorption during arterial pulsation is the basis of oximetry
determinations. The variation in the absorbability of light dur-
ing pulsatile flow compared with baseline is displayed as the
arterial waveform (plethysmography).

Pulse oximetry sensor
Thepulse oximetry sensor consists of a pair of small red (R; 660-
nm) and infrared (IR; 940-nm) light-emitting diodes (LEDs)
and a single silicone photodetector mounted inside a rigid
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Figure 26.1. Hemoglobin light spectrum absorption curve. The black curve
denotes the oxygenated hemoglobin (O2Hb), and the blue curve denotes the
deoxygenated (reduced) hemoglobin. The two vertical dotted lines represent
wavelengths in the red (660-nm) and infrared (940-nm) parts of the spectrum
used by the LEDs of pulse oximeters.

spring-loaded clip, a flexible probe, or an adhesive wrap. The
sensor is placed on a translucent site of the patient’s body such
as a fingertip, toe, earlobe, nose, lip, or even the foot or palm
(for an infant).

There are twomodes of sending light through themeasuring
site: transmittance and reflectance. In the transmittance sensor
(Fig. 26.2), the LEDs and photodetector are opposite each other,
with themeasuring site between them.The light passes through
the site. In the reflectance mode, the LEDs and photodetector
are mounted side by side on top of the measuring site, and the
light bounces from the LEDs to the detector across the site.The
transmittance mode is the more commonly used type.

LEDs

Red Infrared

Photodetector

Figure 26.2. Fingertip pulse oximetry sensor.
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The absorption ratio of R/IR is calculated by a microproces-
sor and is comparedwith a “lookup” table (based on experimen-
tal studies in healthy human volunteers) that converts the ratio
to an SpO2 value. For example, an R/IR ratio of 0.5 equates to
approximately 100% SpO2, 1.0 to approximately 85% SpO2, and
2.0 to 0% SpO2.

Functional versus fractional hemoglobin
saturations
It should be noted that the SpO2 measured by pulse oximetry
differs from the arterial oxygen saturation (SaO2) measured by
a laboratory carbon monoxide (CO) oximeter. Pulse oximetry
measures the functional Hb SaO2, which is defined as Hb capa-
ble of carrying oxygen. It is the ratio of oxyhemoglobin (O2Hb)
to O2Hb plus reduced Hb:

Functional SaO2 = O2Hb/(O2Hb + reduced Hb).

Laboratory CO-oximeters measure the fractional Hb SaO2,
which is defined as the ratio ofO2Hb to totalHb, which includes
nonfunctional Hb such as methemoglobin (MetHb) and car-
boxyhemoglobin (COHb; incapable of carrying oxygen):

Fractional SaO2 = O2Hb/(O2Hb + reduced Hb + MetHb
+COHb).

Therefore, the SpO2 numbermeasured by pulse oximetry (func-
tional SaO2) should be higher than the SaO2 reported by the
laboratory blood gas. In the usual clinical circumstances, how-
ever, patients’ concentrations of MetHb and COHb are so low
that the values of both functional and fractional saturations are
nearly identical.

Calibration and practical limitations
Pulse oximeters are calibrated during manufacture, and their
internal circuits are automatically checked when they are
switched on; they cannot be altered by users. They are accurate
in the range of oxygen saturations from 70% to 100%, with a
standard error of± 2%, but less accurate in the range of 70% to
50% (± 3%).

Pulse oximeters have been used widely for monitoring
patients’ oxygenation and pulse rates in a variety of clinical set-
tings, including perioperative, intensive care unit, and intra-
venous (IV) conscious sedation cases. Their use has improved
the margin of safety for patients. However, pulse oximetry pro-
vides no indication of the adequacy of ventilation because of
lack of information about CO2 level. In addition, several fac-
tors and clinical situations limit the effectiveness and accuracy
of pulse oximetry, including:
1. Nonfunctional hemoglobins (COHb and MetHb). The

light absorption of COHb and O2Hb at 660 nm is identical,
meaning the COHb is red and “detected” by pulse
oximetry as O2Hb; therefore, in the presence of a large
amount of COHb (e.g., in patients with CO poisoning or

heavy tobacco smokers), the pulse oximetries read the sum
of O2Hb and COHb, registering a falsely high SpO2
reading. In this situation, CO oximetry is required to
measure the COHb level. In contrast, MetHb has the same
absorption at 660-nm and 940-nm wavelengths. This 1:1
absorption ratio is interpreted by pulse oximetry as 85% of
SpO2 regardless of the true saturation.

2. A reduction in peripheral pulsatile blood flow due to
vasoconstriction, hypovolemia, severe hypotension,
hypothermia, or shock.

3. Surgical dyes such as methylene blue, indocyanine green,
and indigo carmine. These transiently decrease pulse
oximetry readings and absorb light in the region of 660 nm.

4. Excessive ambient lights, such as the high-intensity
overhead lights in operating rooms or some IR heat lamps.
These may interfere with photodetector signal sensing.

5. Artifacts due to motion, shivering, and radiofrequency
diathermy apparatus.

6. Nail polish, especially black, blue, and green.

In summary, pulse oximetry is a mandatory monitor for
patients receiving anesthesia, and it plays an important role
in early detection of hypoxia. Although it rarely may cause
local tissue injury due to the heat (from the light source)
and sensor pressure, there are no contraindications for its use.
“New-generation” pulse oximetry with advanced technology
has demonstrated significant improvement in the ability to read
through motion and low perfusion states, thus making this
medical device more reliable.

Capnography
Capnography is the continuous monitoring of instantaneous
CO2 concentration using a graphic display (waveform) in
respired gas. This CO2 waveform is also called a capnogram,
and a device that generates the CO2 waveform is called a capno-
graph. Use of capnographic monitoring can reliably and quan-
titatively provide vital respiratory information of intubated
patients. Alterations in cardiac output, distribution of pul-
monary blood flow, andmetabolic activitymay also be reflected
by the change ofCO2 concentration in expired gases.TheAmer-
ican Society of Anesthesiologistsmandates the use of capnogra-
phy in all patients undergoing anesthesia. Many intensive care
units use capnography as an adjunct to ensure patient safety and
the adequacy of ventilation.

Principles of capnography
Whereas a variety of techniques may be used for CO2 measure-
ment, such as mass spectrometry, Raman scattering, and pho-
toacoustic measurement, by far the most widely usedmethod is
IR absorption spectrometry. The principle of this technique is
based on the fact that CO2 is a polyatomic gas that absorbs IR
radiation of a specificwavelength. CO2 shows strong absorption
in the far IR light at 4.3 �m, which lies way beyond the visible
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Figure 26.3. Normal capnogram with three phases of expiration: phase I, dead space; phase II, mixture of dead space and alveolar gas; phase III, alveolar gas
plateau. Point X delineates the PETCO2, which is the best reflection of the alveolar CO2 tension.

wavelength (0.4–0.8 �m). The basic elements of IR spectrom-
etry include an IR light source, a sample chamber, and an IR
detector. The absorption of the IR light also is governed by the
Beer-Lambert law, that is, the absorption is proportional to the
concentration of the absorbing gas in the sample chamber.

Types of capnographs
Depending on the location of the CO2 sensor, capnographs
can be divided into two types: sidestream (aspiration) and
mainstream (flow-through) capnographs. In sidestream capno-
graphs, the gas sample is continuously aspirated by a fine tube
from the breathing circuit (usually located at the T-piece); it
then passes to a measuring unit containing the CO2 sensor.
The CO2 concentration is determined by comparing the IR
light absorption in the sample cell with a chamber free of
CO2. A unique advantage of sidestream capnography is that it
allows monitoring of spontaneously breathing nonintubated
patients, as a sample of the expired gas can be obtained from
the face mask or nasal cannula. In mainstream capnographs, a
cuvette containing a CO2 sensor with an IR source and detector
is inserted between the breathing circuit and the endotra-
cheal tube, so CO2 is measured within the breathing circuit.
Compared with sidestream capnography, the advantages of
mainstream capnography are that the response time is faster,
no gas is subtracted from the breathing circuit, and there is no
need for sampling pumps. Disadvantages include the relatively
heavy measuring adapter with an electrical cord (which may
lead to an endotracheal tube kinking), added dead space, and
the high cost of maintenance and repair. Needless to say, the
newer-generation mainstream sensors are remarkably lighter
and smaller.

Calibration
Capnographs must be calibrated at specific intervals based
on manufacturer recommendations, but usually at least daily.
Modern instruments use a self-calibration process and main-
tain a satisfactory degree of accuracy, usually about ± 0.1%
in the range of 0% to 10% CO2 (0–76 mm Hg). They are
fairly accurate, even in the extended range up to 100 mm Hg,

which is useful in rare cases of hypoventilation or malignant
hyperthermia.

Normal capnogram
Acapnogrammaybe displayed asCO2 versus time (time capno-
gram) or versus volume (volume capnogram). The time capno-
gram is the method most commonly used in anesthesia and
other clinical practices, because the volume capnogram needs
elaborated equipment for plotting the trace. Thus, all capno-
grams mentioned in this chapter are time capnograms unless
indicated otherwise.

A standard nomenclature has been assigned for delineating
various phases of a capnogram. A capnogram may be consid-
ered as having two segments, an inspiratory and an expiratory
segment, and two angles, an alpha and a beta angle. The
inspiratory segment is also designated phase 0. The expiratory
segment is divided further into phases I, II, and III, and
occasionally phase IV, which represents the terminal rise in
CO2 concentration (Fig. 26.3). Phase I represents the initial
stage of expiration; there is no rise in expired CO2 as anatomic
and apparatus dead space gases are exhaled. As expiration con-
tinues, there is a sharply rising upstroke (phase II) due to the
mixing of dead space gas with CO2-containing alveolar gas, fol-
lowed by a plateau phase (phase III). The CO2 concentration at
the end of the plateau is referred to as end-tidal CO2 (PETCO2).
PETCO2 is the best reflection of alveolar CO2 (PACO2), and
normally the arterial CO2 (PaCO2)–PETCO2 difference is
about 5 mm Hg because of the dead space. It is important to
note that the expiratory plateau is not an isocapnic trace; rather
it progresses with a very slight and steady increase in PCO2 as
the alveolar fraction is expelled from the lungs. As the patient
begins to inspire, fresh gas is entrained and there is a steep
downstroke back to the baseline (phase 0). The angle between
phases II and III, called the alpha angle, increases as the slope
of phase III increases; normally it is about 100◦ to 110◦. Airway
obstruction increases the angle because of the increasing slope.
The response time of the capnograph, the sweep speed, and the
respiratory cycle time also affect the angle. The angle between
phases III and 0, called the beta angle, normally is about 90◦.
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Figure 26.4. Abnormal capnograms. (A) Capnogram from a patient with severe obstructive pulmonary disease or another cause leading to increased airway
resistance, such as asthma, endobronchial intubation, or endotracheal tube kinking. No plateau is reached before the next inspiration. The gradient between
PETCO2 and arterial CO2 is increased. (B) Downward wave during the plateau phase, indicating spontaneous respiratory effort. (C) Cardiogenic oscillations appear-
ing as small regular, tooth-like “humps” at the latter part of the expiratory phase. The rate of the humps is identical to the patient’s heart rate. (D) A leak in the
sampling line during positive pressure ventilation. (E) Failure of inspired CO2 to return to zero because of an incompetent expiratory valve or exhausted CO2
absorbent. (F) Bifid waveform of expired CO2 in a patient with emphysema undergoing elective surgery after unilateral lung transplantation. The initial upstroke
represents gas from the normal (transplanted) lung, which is followed by gas exhaled from the remaining (emphysematous) lung.

During rebreathing, this angle increases. Occasionally, an
upward blip or spike, known as phase IV, may occur toward the
end of phase III; this is akin to phase IV of the single-breath
nitrogen curve.This terminal elevation represents the emptying
of alveoli with long-time constants containing a higher CO2
concentration.

Abnormal capnograms and clinical considerations
In analyzing an abnormal capnogram, five characteristics
should be evaluated: size (height), shape, frequency, rhythm,
and baseline. For example, in patientswith an obstructed airway
(e.g., those with emphysema or asthma), the capnogram shows
a slow rate of rise of phase II (upstroke) and the increased slope
of phase III (plateau). In an unrecognized esophageal intuba-
tion, the capnograms are flat or may have occasional baseline
blips. However, after attempted face mask ventilation (driving
some expired gas into the esophagus and stomach) or in patients
who have recently consumed carbonate beverages, some CO2
waves may be observed as the result of gastric CO2 returning

to the breathing system. However, such a CO2 tracing has a
peak effect only with a progressively decreasing amplitude, and
it does not resemble the usual end-tidal plateau. The CO2 con-
centration decreases to zero after about five breaths of ventila-
tion. Fig. 26.4 shows several capnograms in a variety of clinical
scenarios.

The PETCO2 concentration measured from the capnogram
provides important clinical information about a patient’s venti-
latory status. Because the measurement of PETCO2 is an esti-
mate of PaCO2, the characteristic abnormal CO2 waveforms
and concentrations may help in the diagnosis of many clinical
and technical abnormalities. Table 26.1 summarizes the com-
mon causes that may be reflected by PETCO2 changes during
anesthesia care, including alterations in metabolism, circula-
tion, ventilation, airway, or breathing. Abnormal CO2 measure-
ments also may occur as a result of a malfunction in sampling
or measurement of CO2.

Although it is believed that capnograms predominantly
identify respiratory abnormalities, they also can forewarn of
major impending depression of the cardiovascular system, such
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Table 26.1. Factors that may change PETCO2 during anesthesia

Increase in PETCO2 Decrease in PETCO2

Due to an increase in CO2
production

Increases in metabolic rate
Sepsis
Malignant hyperthermia
Shivering/seizure
Hyperthyroidism

Due to a decrease in CO2
elimination

Hypoventilation
Rebreathing
CO2 absorber exhaustion

Due to artifact
Malfunction of CO2 measuring

system

Due to a decrease in CO2 production
Decreases in metabolic rate
Hypothermia
Hypothyroidism

Due to an increase in CO2 elimination
Hyperventilation

Due to a decrease in alveolar CO2
delivery
Hypoperfusion
Pulmonary embolism

Due to artifact
Gas sampling tube leak or loose

connection
Malfunction of CO2 measuring

system

as hypotension associated with massive blood loss, impending
circulatory arrest, or pulmonary embolism.

In summary, capnography has become an important, inte-
gral part of monitoring in anesthesia. The proper use and

understanding of it not only can help in the correct place-
ment of endotracheal tubes, but can also rapidly facilitate a
differential diagnosis of hypoxia, impending hypoxia, or equip-
ment malfunction so that corrective action can be imple-
mented before the patient suffers irreversible, life-threatening
injury.
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Chapter

27 Monitoring of neuromuscular blockade
Kai Matthes and Neelakantan Sunder

Introduction
Muscle paralysis commonly is desired during general anesthe-
sia to facilitate endotracheal intubation and to blunt responses
to surgical stimuli. Endotracheal intubation without the use of
muscle relaxation is possible but requires profound anesthe-
sia, and intubation conditions are less optimal compared with
complete neuromuscular blockade. Improving intubation con-
ditions decreases postoperative hoarseness, vocal cord dam-
age, and patient discomfort. Neuromuscular reversal of muscle
relaxation and return of respiratory function must be achieved
before the trachea is extubated. Neuromuscular blockade can
improve surgical conditions and is most beneficial in abdom-
inal surgery. Muscle relaxation also may be used to prevent
patient movement with lighter anesthesia or in procedures such
as intracranial or complex eye surgery, in which even slight
movement may result in major complications. Muscle paraly-
sis occurs over a narrow range of receptor occupancy. There is
no detectable block until 75% to 85% of receptors are occupied,
and paralysis is complete at 90% to 95% receptor occupancy.
Therefore, adequate muscle relaxation corresponds to a narrow
range of 85% to 90% receptor occupancy, requiring an adjust-
ment to the individual patient as there is considerable variation
in individual responses.

To monitor muscle relaxation, a peripheral nerve is stim-
ulated electrically by a battery-powered device that delivers a
depolarizing current via two electrodes. The response of the
corresponding muscle is assessed and depends on the current
applied, the duration of the current, and the position of the elec-
trodes. A current in the range of 60 to 80 mA is usually chosen.
Durations of 0.1 to 0.2 ms are acceptable. The threshold cur-
rent is the lowest current required to depolarize the most sensi-
tive fibers in a given nerve bundle to elicit a detectable muscle
response. Supramaximal current is approximately 10% to 20%
higher than the current required to depolarize all fibers of the
nerve bundle, generally a current two to three times higher than
the threshold current.

Electrocardiogram electrodes placed on the skin are used to
apply the current on the appropriate nerve. Subcutaneous nee-
dles deliver the impulse in the immediate vicinity of the nerve
and have the advantage of bypassing the tissue impedance. Dis-
advantages include local irritation, infection, nerve damage,
and diathermy burns. Thus, surface electrodes are commonly

preferred over needle electrodes. The first electrode should be
placed on the skin overlying the nerve to be stimulated. The
second electrode is positioned proximally or distally along the
stimulated nerve, avoiding stimulation of neighboring nerves.
Practically, no differentiation between positive and negative
electrodes is considered for proximal or distal placement along
the nerve. In theory, if the negative electrode is placed directly
on the nerve in the proximal location, the threshold to supra-
maximal stimulation is less than for the positive electrode.

Monitoringmodalities
Recording the response
The electrical stimulation of a peripheral nerve can be assessed
by visual and tactile evaluation of the twitch response of the cor-
responding muscle (Table 27.1). Using the train-of-four (TOF),
four successive stimuli are delivered at 2Hz (every 0.5 seconds).
Immediately available stores of acetylcholine are depleted with
each current, and the amount released by the nerve decreases
with each successive stimulus until it levels off. In the pres-
ence of a nondepolarizing block, the twitches progressively fade
starting with the fourth, and one by one eventually disappear
with increasing degrees of block. The ratio of the height of the
fourth response to the first has been defined as the TOF ratio
(T4/T1). It has been shown that a TOF ratio �0.9 at the adduc-
tor pollicis is necessary to achieve adequate airway protection
to avoid postoperative atelectasis or pneumonia. At TOF ratios
� 0.9, a significantly reduced upper esophageal sphincter rest-
ing tone and reduced muscle coordination have been demon-
strated (Table 27.2).

The assessment of TOF is prone to subjective assessment
errors, as the quantitative determination of the TOF ratio is dif-
ficult to make during recovery and depends on the experience
of the observer. TOF ratios as low as 0.3may remain undetected,
but with double-burst stimulation, fade can be detected reliably
in the range of 0.5 to 0.6.

High-frequency stimulation (≥50 Hz) results in sustained
or tetanic contraction of the muscle during normal neuromus-
cular transmission despite a decrement in acetylcholine release.
During tetanus, progressive depletion of acetylcholine output
is balanced by increased synthesis and transfer of transmitter
from its mobilization stores. The presence of nondepolarizing
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Table 27.1. Indications for and specifics of various nerve simulation techniques

Technique Indication Frequency/time/interval Location/muscle Limitations

Single twitch Assessment of onset of
muscular blockade

Single square wave stimuli lasting 0.2
ms are applied at intervals of >10
sec

Usually supramaximal current is
applied

Amplitude may be varied in
increments up to 80 mA

Central muscles (facial nerve)
to assess readiness for
intubation is preferred over
peripheral muscles
(adductor pollicis)

Response must be compared
to control preblockade
twitch. Difficult to assess
magnitude of response over
time.

TOF Monitoring of muscle
relaxation during surgery or
readiness for reversal of
muscular blockade

Four 2-Hz square wave stimuli each
lasting 0.2 ms

Observation of degree of fade
between fourth and first stimulus:
interpretation as a fraction of 1
(TOF ratio)

Intervals of 12–15 sec between
measurements

Surgical relaxation: TOF 0.15–0.25
TOF >0.9 is sufficient recovery for

extubation

Central muscles (facial nerve)
to monitor adequate
surgical relaxation
(proximity to diaphragm)

Peripheral muscles (adductor
pollicis) to detect residual
paralysis before extubation

Does not require preblockade
control measurement

Difficult to evaluate by visual or
tactile means

Not ideal for determining
residual paralysis before
extubation because of
subjective difficulty
determining residual block if
TOF ≥0.4

Tetanus Assessment of residual
muscular blockade

Sensitivity for detecting
residual block >single
twitch or TOF

5-sec stimulus with a frequency
>30 Hz

Observation of fade (more fade is
seen with 100 Hz than with 50 Hz)

Intervals of 1–2 min between
measurements

Preferably peripheral muscles
(adductor pollicis) to
detect residual paralysis
before extubation

Does not require preblockade
control measurement

Difficult to evaluate by visual or
tactile means

At 100 Hz, fade may be seen
even in the absence of
neuromuscular blockade

Posttetanic facilitation
depends on frequency and
duration of stimulation

PTC Assessment of profound
neuromuscular blockade if
there is no response to the
other modalities

50-Hz tetanus for 5 sec followed by a
3-sec pause and then stimulation
at 1 Hz

Count of visible twitches correlates
inversely with time required to
return of single twitch or TOF (PTC
of 1 to reappearance of first twitch
is 10–20 min, PTC of 10 indicates
immediate reappearance of first
twitch)

Intervals of 1–2 min between
measurements

Central muscles (facial nerve)
to detect recovery from
profound muscular
blockade

Peripheral muscles (adductor
pollicis) to detect residual
paralysis before extubation

Does not require preblockade
control measurement

Commonly used to detect
profound muscular blockade

Double-burst
stimulation

Assessment of residual
muscular blockade

Sensitivity for detecting
residual block >single
twitch or TOF

Three 0.2-ms impulses at 50 Hz
separated by 750 ms

Fade ratio correlates closely with TOF
ratio but is easier to detect
manually

Intervals of 12–15 sec between
measurements

Preferably peripheral muscles
(adductor pollicis) to
detect residual paralysis
before extubation

Does not require preblockade
control measurement

Fade can be detected reliably
up to TOF ratios of 0.5–0.6

muscle relaxants impairs the mobilization of acetylcholine
within the nerve terminal, thereby contributing to the fade in
response to tetanic and TOF stimulation. This perhaps is the
most painful method of monitoring the neuromuscular junc-
tion and therefore is not suitable for patients being lightly
anesthetized. Tetanic stimulation facilitates the neuromuscular
response during and after its application, artificially shifting all
subsequent neuromuscular events toward normality. Because
it provides only one point on the continuum of neuromuscu-
lar response, it is less useful than TOF. With 100-Hz tetanic
stimulation, fade might be detected at TOF ratios of 0.8 to 1.0
but also may be seen in individuals with no neuromuscular
block.

During profound neuromuscular blockade, quantification
of neuromuscular blockade can be done using the postte-
tanic count (PTC), based on the principle of posttetanic facil-
itation. Mobilization and enhanced synthesis of acetylcholine
continue during and after cessation of tetanic stimulation. Fol-
lowing the end of tetanus, there is an increase in the immedi-
ately available store of acetylcholine and the quantal content.
Thus after tetanus, there is an increase in the amount of trans-
mitter released in response to nerve stimulation, and a sin-
gle twitch evoked after cessation of tetanus may be stronger
than the pretetanic control. The number of evoked post-
tetanic twitches detected is referred to as the PTC. The num-
ber of posttetanic twitches correlates inversely with the time
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Table 27.2. Relationship between receptor occupancy, T1, T4, T4/T1
ratio, and tetanus during nondepolarizing muscular blockade

Percentage
blocked

T1,%
normal

T4,%
normal

T4/T1,%
normal Tetanus

100
95 T1–T4 lost
90 10 T2–T4 lost
85 20 T3–T4 lost
80 25 T4 lost Onset of fade

at 30 Hz
80–90 55–65 TOF 0.6–0.7
95 70 TOF 0.7–0.75

75 100 75–100 TOF 0.75–1
70 TOF 0.9–1 Onset of fade

at 50 Hz
50 Onset of fade

at 100 Hz
30 Onset of fade

at 200 Hz

for spontaneous recovery. PTC is a prejunctional event; the
response may vary with the nondepolarizing muscle relax-
ant used.

Following intense neuromuscular blockade by vecuronium,
the first detectable twitch of the TOF will appear an average of
8.5 minutes (6–15 minutes) after a PTC of 1. A PTC of 8 to 9
indicates imminent return of TOF. The recovery of atracurium
is similar to that of vecuronium; the interval is larger for pan-
curonium. It takes approximately 38minutes after the first post-
tetanic twitch for the reappearance of the first response to TOF
stimulation. A PTC of 9 to 11 predicts imminent return of TOF
response. Children have a shorter interval between PTC 1 and
onset of T1.The PTCmay be useful for cases in which profound
muscle relaxation is required (e.g., ophthalmic surgery) or for
the continuous infusion of intermediate nondepolarizing mus-
cle relaxants.

Because of the unreliability of visual/tactile assessment of
neuromuscular function, there has been an emerging interest
in the development of quantitative devices for the assessment
of neuromuscular blockade (Table 27.3). These devices mea-
sure either the compoundmuscle action potential (MAP) or the
evoked contractile response.The compoundMAP is the cumu-
lative electrical signal generated by the individual action poten-
tials of individual muscle fibers.

For research purposes,mechanomyography is the gold stan-
dard for objective muscle relaxation monitoring. The most
versatile method in the clinical setting is acceleromyography
because it can be applied at variousmuscles and has a long track
record of clinical utility.

Choice of muscle
Muscles differ in terms of onset, offset, and peak effect of
neuromuscular blockade. There is a variation in responses of
individual muscles to electric stimulation, which serve differ-
ent purposes or indications. Possible causes for the varying
responses of different muscle groups are the differences in the

margin of safety of the neuromuscular junction of different
muscle groups, fiber composition, innervation ratio (number of
neuromuscular junctions), blood flow, and muscular tempera-
ture (Fig. 27.1).

Important means of providing optimal relaxation should
consider monitoring muscles of the surgical site or, alterna-
tively, muscles that adequately reflect neuromuscular block-
ade at the surgical site (Table 27.4). Complete neuromuscular
blockade at the adductor pollicis does not necessarily mean
complete relaxation of the diaphragm.Monitoring the corruga-
tor supercilii better reflects the degree of relaxation at the sur-
gical site during thoracic surgery. In general, for surgery of the
upper or lower extremities, monitoring of the adductor polli-
cis, or any other hand muscle, is preferable. For surgery within
the chest or abdomen in which relaxation of the diaphragm
is necessary, monitoring of the corrugator supercilii might
be used.

Current evidence shows that monitoring of the corruga-
tor supercilii should be used to establish the earliest time for
optimal conditions for tracheal intubation, as it reflects laryn-
geal relaxation better than monitoring of the adductor pollicis.
Recovery of neuromuscular transmission is best monitored at
the adductor pollicis because, in general, this is the last muscle
group to recover from neuromuscular blockade. TOF stimula-
tionwith a ratio�0.9 indicates sufficient recovery of neuromus-
cular transmission for awakening the patient and ensuring safe
tracheal extubation.

Factors affecting themonitoring
of neuromuscular blockade
Many drugs interfere with neuromuscular function. Certain
clinical settings make the interpretation of monitoring of
neuromuscular blockade difficult. Neuromuscular blockade is
prolonged if the patient is hypothermic due to a decreased
metabolism of the blocking drug.

Overestimation of neuromuscular blockade may occur in
a cold extremity without central hypothermia. Underestima-
tion of neuromuscular blockade is seen in the setting of central
hypothermia. Central and peripheral nerve damage leads to a
resistance to nondepolarizing muscle relaxants at the affected
site (e.g., hemiplegia) presumably as a result of an extrajunc-
tional expression of acetylcholine receptors on the paretic site.
A misinterpretation of the relaxation of the patient carries the
potential of overdosingmuscle relaxants because of a decreased
response to the monitoring methods. Central and peripheral
nerve damage can be based on nerve trauma, cord transaction,
or stroke.

Maintenance of neuromuscular blockade
The goal of muscle relaxation is to maintain the minimum
depth of block required for surgery. Adequate relaxation for
abdominal surgery can be achieved with �80% twitch depres-
sion, which correlates with one or two twitches present in the
TOF.The diaphragm is relatively resistant and requires a greater
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Table 27.3. Objective assessment of neuromuscular blockade

Assessment tool Technique Advantages/disadvantages

Mechanomyography Mechanomyographic device objectively quantifies the force of
isometric contraction of adductor pollicis muscle in response
to ulnar nerve stimulation. The force is translated into an
electrical signal that can be displayed on an interfaced
pressure monitor and then recorded.

Balloon pressure methods may be used to monitor the larynx or
corrugator supercilii. Measurement of force indirectly by
change of pressure exerted onto the balloon compressed by
movement of the thumb or contraction of the corrugator
supercilii.

A constant amount of baseline muscle tension (preload) should
be applied to the monitored muscle, which serves to align the
contractile elements (actin and myosin filaments).

Gold standard of muscle relaxation monitoring.
Requires most stringent preparations and precautions (e.g.,

placement of arm in a molded cast to prevent changes of
position).

Mechanomyographic devices are awkward and bulky to prepare.
Drift may be a problem, implying that the response does not

return to the control amplitude. Slight movement of the hand
may lead to a change in amplitude of the evoked potential.

Electromyography Measurement of electrical response of muscle after evoked
stimulation of a motor nerve; interpretation as an integrated
EMG response.

The latency of the compound MAP is the interval between
stimulus artifact and evolved muscle response. The amplitude
of the compound MAP is proportional to the number of
muscle units within the designated time interval (epoch). This
correlates with the evoked mechanical responses.

Mostly for experimental studies.

May be used at various muscle sites (larynx, diaphragm,
adductor pollicis; with restrictions, corrugator supercilii and
ocularis oculi).

Smaller muscles create a smaller action potential and therefore
are more difficult to monitor.

Monitoring of the diaphragm is possible (measuring the
pressure induced within the esophagus).

May underestimate the degree of paralysis.
Drift over time may arise (failure to descend completely in fully

relaxed muscles).
Interference with other electronic devices may occur.

Accelerometry A miniature piezoelectric transducer is used to determine the
rate of angular acceleration of the thumb (adductor pollicis).
The principle is based on the constant relationship between
force (F) and acceleration (a), as long as mass (m) is constant
(Newton’s second law: F = ma). One requirement for
accelerometry is that the muscle must be able to move freely.
The piezoelectric crystal is distorted by the movement of the
crystal inlaid transducer applied to the finger, and an electric
current is produced with an output voltage proportional to
the deformation of the crystal.

Interpretation is from a digital readout.
Elastic preload to the thumb has been shown to decrease TOF

variability.

Easy to use, practical, versatile, and inexpensive; may be applied
to various muscles.

Good correlation with mechanomyography and
electromyography.

Has been shown to reduce the incidence of residual paralysis.
Difficult to use with muscles that do not create a distinct

movement (e.g., corrugator supercilii). Cannot be used at the
larynx or diaphragm.

Kinemyography Measurement of the movement of the end organ (e.g., thumb)
by a piezoelectric transducer.

Use of a molded plastic device with the contour of the
outstretched thumb and index finger.

Slight clinical differences from mechanomyography in studies.
Accuracy is not superior to that of acceleromyography.
Careful hand positioning is necessary to avoid artifact.
Monitoring of recovery may be misleading.

Phonomyography Contracting muscle emits low-frequency sounds, which are
recorded with special microphones.

Interpretation of fade of TOF.

Easy to apply at various muscles.
Promising agreement with mechanomyography.
Change in contact with the skin surface may change the signal

amplitude.
Currently, no commercial devices are available.

Legend:  

CS: M. corrugator supercilii 
Abd: Abdominal muscles 
OO: M. orbicularis oculi 

GH: M. geniohyoid (upper airway) 
AP: M. adductor pollicis 

Figure 27.1. Approximate time course of twitch
height after administration of rocuronium, 0.6 mg/kg,
to different muscles. (Modified with permission from
Barash PG, Cullen BF, Stoelting RK. Clinical Anesthesia.
5th ed. Philadelphia: Lippincott Williams & Wilkins;
2006.)
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Table 27.4. Comparison of various monitoring sites

M. adductor pollicis (ulnar nerve) Stimulation of ulnar nerve: first electrode on proximal wrist on the radial side of flexor carpi ulnaris muscle, second
electrode 2 cm proximal on volar forearm or over the olecranon grove

Relatively sensitive to nondepolarizing neuromuscular blocking drugs
During recovery, more blocked than respiratory muscles

First dorsal interosseous muscle (ulnar
nerve)

Preferably used for electromyography
Electrodes are relatively undisturbed by hand movement
Sensitivity of this muscle correlates with M. adductor pollicis

M. abductor digit quiniti (ulnar nerve) Less sensitive than M. adductor pollicis to muscle relaxants
May overestimate recovery from blockade
Prone to stimulus artifact

Muscles surrounding the eye (facial
nerve)

Stimulation of facial nerve 2–3 cm posterior to the lateral border of the orbit; use less current (20–30 mA)
M. orbicularis oculi: covers eyelid movement
Monitoring the onset of neuromuscular blockade at the orbicularis oculi can predict good intubation conditions
M. corrugator supercilii: small muscle around the eyebrow, responsible for vertical frowning
Movement of eyebrow is similar to that of laryngeal adductors
Onset of blockade is more rapid and recovery occurs sooner vs. adductor pollicis
Accurately reflects the response of laryngeal muscles or diaphragm
Acceleromyography is difficult to perform because of the small size of the muscle

Vastus medialis (femoral nerve) The vastus medialis muscle has been used as an alternative monitoring site
Stimulation of muscular branches of the femoral nerve
Onset and recovery from neuromuscular blockade are faster vs. the adductor pollicis

Muscles of the foot (tibial nerve) Stimulation of posterior tibial nerve behind the internal malleolus to produce flexion of the big toe by contraction
of the flexor hallucis

Response is better vs the adductor pollicis but with inconsistent results, limiting usability
Stimulation of external peroneal nerve produces dorsiflexion
Sensitivity of muscles has not been measured

Laryngeal muscles (recurrent laryngeal
nerve)

Neuromuscular blockade at the larynx is less intense vs. the adductor pollicis, with more rapid onset and offset
Monitoring of the larynx is based on mechanomyography, electromyography, or phonomyography
Placement of the endotracheal cuff between the vocal cords allows measurement of the force of the adducting

laryngeal muscles via the degree of pressure changes within the cuff
A special endotracheal tube with incorporated electrodes may be used for electromyography; alternatively, small

microphones may be placed at the larynx to monitor the laryngeal muscles
This technique obviates the risk of endotracheal tube dislodgement, as associated with techniques requiring tube

positioning
Transcutaneous stimulation of the recurrent laryngeal nerve may be accomplished medially, between the jugular

notch and the thyroid cartilage or lateral to the sternocleidomastoid muscle in the tracheoesophageal groove

Diaphragm (phrenic nerve) Neuromuscular blockade at the diaphragm is less intense vs. adductor pollicis, with more rapid onset and offset
Monitoring of the diaphragm is possible with electromyography and mechanomyography using transcutaneous

needles or superficial skin electrodes
The seventh or eighth intercostal space, between the anterior axillary and midclavicular line, may be used to

record the signal
Mechanomyography may be used indirectly by inserting a balloon in the esophagus to record pleural pressure

and another in the stomach to record abdominal pressure. The balloons are connected to air-filled catheters to
identical transducers. Transdiaphragmatic pressure = gastric (intra-abdominal) pressure – esophageal
(intrathoracic) pressure. However, this technique is more invasive and difficult to apply. It cannot be used in
open abdominal or laparoscopic cases.

plasma concentration of nondepolarizing muscle relaxants.
When paralysis of the diaphragm is required, the administra-
tion of neuromuscular blockade is titrated to paralysis of the
corrugator supercilii muscle, whose recovery profile is similar
to that of the diaphragm.

Detecting reversible block
Airway patency and adequate ventilation require more than an
intact diaphragm.Therefore, it is important to assess the degree
of block at amuscle that does not overestimate the rate of recov-
ery of muscles maintaining the airway. The increased sensitiv-
ity and slower time course of the adductor pollicis muscle make

this site preferable for monitoring recovery. PTC may be used
when no twitch response is attainable. The time to recovery of
twitch response is inversely proportional to the number of PTC.
In the absence of objective monitoring devices, double-burst
stimulation may be preferable to TOF to reliably detect a fade.
Atracurium-, vecuronium-, and pancuronium-induced neuro-
muscular blockade is antagonized by neostigmine in 30minutes
when the single twitch height is≥10% of control or just prior to
emergence of the second twitch of theTOF count and in 10min-
utes, when all four responses to TOF stimulation are present.
When zero twitches are present in the TOF, the block is consid-
ered not antagonizable.
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Table 27.5. Clinical tests to assess recovery from neuromuscular blockade

Both legs lifted off the bed TOF 0.6
Probably not sufficient to ensure
protection of airway

Head lift >5 sec TOF 0.6
Probably not sufficient to ensure
protection of airway

Normal hand grip strength TOF 0.7

Teeth clenched to prevent
removal of wooden spatula
(masseter muscle strength)

TOF 0.86
Most sensitive test to ensure adequate
recovery, but not all patients may be
able to demonstrate

Clinical tests to evaluate residual
muscular blockade
Aside from peripheral nerve stimulation, a variety of clinical
tests are used in clinical practice to assess for adequate recovery
fromneuromuscular blockade. Subjective evaluation consists of
the assessment of residual paralysis based on the patient’s ability
to perform certain tasks. These tests depend on the degree of
consciousness and cooperation of the patient (Table 27.5).

Ensuring adequate neuromuscular function
before extubation
Safe extubation from the trachea can be performed only after
adequate restoration of neuromuscular function. A TOF ratio
�0.75 at the thumb correlates with restoration of strength of
the muscles of respiration and airway protection, vital capac-
ity, maximum expiratory force, peak expiratory flow rate, hand
grip, and 5-second head lift. Historically, a TOF ratio of 0.7 was
used as an indication of adequate recovery fromneuromuscular
blockade. Current evidence, however, indicates that a TOF ratio
of 0.9 rather than 0.7 is required to ensure recovery. A residual
block (TOF � 0.9) is associated with functional impairment of
the pharynx and upper esophagus, likely predisposing to regur-
gitation and aspiration.

Postoperative residual curarization (PORC) might occur
because of administration of excess neuromuscular block-
ing agents, early administration of reversal, or an abnormal
response of the patient. PORC continues to be a common prob-
lem in postanesthesia care units. Given that PORC is a poten-
tially preventable patient safety problem, it is important to find
ways to reduce the incidence. PORC is a major risk factor for
many critical events in the immediate postoperative period,
such as ventilatory insufficiency, hypoxemia, and pulmonary
infections.

Subjective evaluation of the evoked muscular response to
TOF stimulation is extremely inaccurate. In addition, many
practitioners are unclear about the current standards that
define adequate recovery from neuromuscular blockade. Also,
there is conflicting evidence regarding the utility of conven-
tional peripheral nerve stimulators in preventing PORC. The

incidence of PORCwas found to be significantly lower after the
use of intermediate neuromuscular blocking drugs.

Not all clinicians believe PORC is a clinical problem that
may affect their patients. Disinclination to use peripheral nerve
stimulator devices suggests that many practitioners do not
accept the premise that these devices are helpful. Thus, four
decades after the first battery-operated nerve stimulators were
described, unacceptable levels of residual paresis in postanes-
thesia care units continue to be reported. It should be empha-
sized that objectivemonitoring of neuromuscular blockademay
provide enhanced safety to prevent PORC.
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28 Thermoregulation and temperaturemonitoring
Matthias Stopfkuchen-Evans, Elliott S. Farber, and Francis X. Vacanti

Introduction
Control of body temperature is mediated via behavioral and
autonomic mechanisms to maintain effective enzymatic activ-
ity and normal bodily functions. Behavioral mechanisms are
far more powerful than autonomic thermoregulatory defenses
in allowing humans to survive in diverse environments. Once
anesthetized, the patient loses all behavioral means to self-
regulate temperature.

Thermoregulation
Under normal conditions, the hypothalamus seeks to establish
an equilibrium of heat generation and dissipation to maintain
core temperatures in a very narrow range. Core temperature
consists of the well-perfused tissues, and this compartment
maintains a warmer and more uniform state. Sensory informa-
tion is gathered primarily from the transient receptor potential
(TRP) family of ion channels and conveyed by unmyeli-
nated C and myelinated A-� fibers. Thermal inputs from the
skin surface, deep abdominal and thoracic tissues, the spinal
cord, and nonhypothalamic regions in the brain contribute
equally and are further integrated on several levels within the
brain and spinal cord, before the information gets relayed to the
anterior hypothalamus, the dominant thermoregulatory con-
troller. The thresholds for increasing or decreasing core tem-
perature lie within approximately 0.2◦C of the hypothalamic
thermoregulatory set point; however, there is a nearly 1◦C sinu-
soidal circadian variation around the set point temperature,
with the maximum occurring midafternoon and the minimum
occurring 12 hours later. The primary autonomic response
to heat consists of sweating and active capillary vasodilation,
whereas the primary autonomic response to cold results in shiv-
ering and vasoconstriction.

Heat production
The energy lost in the biochemical conversion of glucose to
adenosine triphosphate (ATP) and in the expenditure of ATP
appears as heat. Human activity is such that ATP utiliza-
tion varies immensely, and the human body must be able to
deal with significant swings in endogenous heat production.
Humans handle the heat load of varying activities such as sleep-
ing with an energy expenditure of approximately 0.7 metabolic

equivalents (MET) to vigorous activity of 10 to 12MET, where 1
MET is defined as the caloric consumption of 1 kcal/kg/h. Anes-
thetic agents, opioids, and sedatives incapacitate or alter some
mechanisms of heat production (shivering to generate heat).
Infants are capable of increased heat production via nonshiv-
ering thermogenesis from the metabolism of brown fat. This
fat is loaded with mitochondria and is found close to the large
blood vessels and intrascapular space. When sympathetically
activated, it can increase the production of heat by as much as
100%.

Mechanisms of heat loss: transfer
of thermal energy
The transfer of thermal energy from humans (i.e., heat loss)
occurs through four mechanisms:
� Conduction
� Convection
� Radiation
� Evaporation
Conduction resulting in heat loss occurs via direct contact with
surrounding substances (e.g., air, water, intravenous [IV] flu-
ids, operating room [OR] table, laryngoscope blades) and is
related to the area of contact and differences in temperature.
Convection is related to conduction, as contact with a sub-
stance is required; however, convection differs in that continued
renewed contact with that substance (i.e., a breeze or a current
of water) occurs. However, most heat is lost in the form of
infrared electromagnetic waves via radiation. All objects above
absolute zero emit electromagnetic radiation, and the rate of
heat loss by this mechanism is related to the temperature of the
object. The human body radiates energy in the infrared por-
tion of the electromagnetic spectrum, as do the surrounding
walls and other objects. It is usually the case that the tempera-
ture of the surrounding objects is lower than that of the human
body, and there is a net loss of heat from the body to the envi-
ronment. The body loses 0.58 kcal of heat with each gram of
water that evaporates from its surfaces. Approximately 20% of
the total heat loss normally is the result of evaporation, but this
can increase markedly under thermal stress, and evaporation
then becomes the major means of heat loss. Evaporation is the
onlymechanismwhereby heat energy is transferred to awarmer
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Table 28.1. Intraoperative phases of heat redistribution and loss

Phase I II III

Temperature ↓ core temperature by 1–2◦C during first hour Gradual decline over 3–4 h
Heat loss exceeds heat production

Equilibrium at around 33◦C Tcore
Heat production equals loss

Characteristics Heat redistribution from abdomen and thorax to
extremities

Linear reduction Core-to-peripheral temperature
gradient is restored

Mechanisms Inhibition of tonic thermoregulatory
vasoconstriction

Radiation, 60%; convection, 30%;
conduction, 5%; evaporation, 5%

Peripheral vasoconstriction

Heat loss No net heat loss Net heat loss No net heat loss

Prophylaxis Preemptive skin warming before surgery (decrease
core-to-peripheral temperature gradient)

Active warming measures
intraoperatively

Active warming to maintain core
temperature plateau at or above 36◦C

environment. Sympathetic cholinergic neurons activate sweat
glands to excrete sweat, which is then evaporated from the skin
surface.

Altered regulation and environmental response
under anesthesia
Table 28.1 summarizes the three phases of intraoperative core
temperature changes. The ability to self-regulate temperature is
greatly affected under anesthesia. Anesthetics alter the range
of normal adaptive response to temperature changes by some
20-fold, such that mechanisms for heat production and dissipa-
tion may not be triggered until detrimental effects of hypo- or
hyperthermia are already present. In the normal awake state,
heat is unevenly distributed throughout the body as a result
of tonic thermoregulatory vasoconstriction. Redistribution of
body heat, however, occurs from the alteration of this vasocon-
striction by various anesthetics and is responsible for the initial
decrease in core temperature that follows induction (Fig. 28.1).
The magnitude of redistributory heat loss is inversely propor-
tional to the percentage of body fat and the weight-to-surface
area ratio. Following this redistribution, temperature changes
happen at a slower rate. This nearly linear decrease in temper-
ature is a result of heat loss dominating over metabolic heat
production. Again, the magnitude of the core cooling rate dur-
ing the second phase is inversely proportional to the weight-to-
surface ratio. The mechanisms for increased heat generation,
heat conservation, and heat dissipation remain intact; how-
ever, trigger responses for these mechanisms are blunted and
response curves are shifted such that wider temperature ranges
will occur. Fig. 28.2 shows changes in thermoregulatory thresh-
olds seen with various anesthetic agents.

Phase 3 is characterized by reaching a thermal steady state at
which heat loss equals metabolic heat production and no heat
is lost. This stage may be reached either by effective warming
efforts, thus reaching a passive thermal steady state, or by allow-
ing sufficient hypothermia to occur, which leads to the reactiva-
tion of thermoregulatory vasoconstriction and therefore to the
reestablishment of the normal core-to-peripheral temperature
gradient. This, of course, is attained at significantly lower core
temperature levels, as outlined in Fig. 28.3.
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Figure 28.1. Changes in heat content and distribution of heat in the body
before and after the induction of general anesthesia; mean (±SD) changes
in thermoregulatory thresholds associated with anesthetics. (Modified from
Kurz A. Physiology of thermoregulation. Best Pract Res Clin Anaesthesiol
2008;2:627–644.)
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Table 28.2. Organ system effects of hypothermia

� Cardiovascular
� Bradycardia → Osborne J waves → conduction slowing → atrial

fibrillation → ventricular irritability → ventricular fibrillation
� Altered oxygen supply and demand → increased blood

viscosity → reduced microcirculatory flow → increased systemic
vascular resistance → cardiac output reduction

� CNS
� Ataxia → delirium → stupor → coma
� EEG slowing → ↓ EEG amplitude → EEG isoelectricity (maximum

decrease in CMRO2)
� ↓ CMRO2 → ↓ Decreased cerebral blood flow
� Respiratory
� ↑ Breathing rate → ↓ PaCO2 → ↓ peripheral O2 unloading
� ↓ HPV
� ↑ PVR

� Renal
� Renal vasoconstriction → ↓ ADH release → diuresis
� ↓ Renal blood flow → ↓ GFR → ↓ renal tubular function → ↓

urine-concentrating ability
� ↓ Renal oxygen consumption

� Hepatic
� ↓ Drug metabolism
� Platelet sequestration

� Endocrine
� ↑ Hypothalamic thyrotropin-releasing hormone → ↑ T3/T4 →

↑ metabolic rate
� ↑ Adrenocortical and medullary hormones (norepinephrine and

epinephrine) → ↑ blood glucose
� Coagulation system

� ↓ Platelet function
� Platelet sequestration
� ↓ Activity of clotting cascade

ADH, antidiuretic hormone; CMRO2; EEG, electroencephalogram; GFR,
glomerular filtration rate; HPV; PVR.
Adapted from Stoelting RK, Hillier SC. Pharmacology and Physiology of Anes-
thetic Practice. 4th ed. Philadelphia: Lippincott Williams & Wilkins; 2005.

Untoward effects of hyper- and hypothermia
Hypothermia
Hypothermia exists when core temperature is �36◦C. At
increased risk of perioperative hypothermia are elderly patients,
neonates, and those with cachexia, burns, or paraplegia because
of their already-existent altered heat conservation. Despite
the demonstrated benefits in some clinical scenarios (severe
traumatic brain injury with Glasgow Coma Score � or =
8, comatose patients after an out-of-hospital cardiac arrest,
potentially after acute ischemic stroke), the untoward effects of
hypothermia generally outweigh the ischemic protection bene-
fits. Untoward effects of hypothermia include impaired coag-
ulation from decreased activation of the coagulation cascade
and inhibited platelet function, increased oxygen andmetabolic
demand from postoperative shivering, and slowed drug
metabolism, contributing to a delayed recovery from anesthe-
sia. In addition, hypothermic patients have impaired resistance

Table 28.3. Common causes of hyperthermia

� Disorders associated with excessive heat production
� Malignant hyperthermia
� Neuroleptic malignant syndrome
� Thyrotoxicosis
� Delirium tremens
� Pheochromocytoma
� Salicylate intoxication
� Drug abuse (cocaine, amphetamines)
� Status epilepticus
� Exertional heat stroke

� Disorders associated with decreased heat loss
� Autonomic nervous system dysfunction
� Anticholinergics
� Dehydration
� Occlusive dressings
� Heat stroke

� Disorders associated with dysfunction of the
hypothalamus
� Trauma
� Cerebrovascular accident
� Encephalitis
� Neuroleptic malignant syndrome

Adapted from Stoelting RK, Hillier SC. Pharmacology and Phys-
iology of Anesthetic Practice. 4th ed. Philadelphia: Lippincott
Williams & Wilkins; 2005.

to developing surgical wound infections. Table 28.2 summarizes
the effects of hypothermia on various organ systems.

Shivering is a complex response to hypothermia that often is
perceived as particularly uncomfortable and increases postop-
erative pain sensation. It may double or triple oxygen consump-
tion and carbon dioxide production and double metabolic heat
production. It is absent in newborns and infants and is rarely
seen in elderly patients because of impaired thermoregulatory
control. Pharmacologic interventions to decrease shivering in
the postoperative care unitmay consist of centralα2-adrenergic
agonists or small doses ofmeperidine, which decreases the shiv-
ering threshold temperature significantly more than the vaso-
constriction threshold.

Hyperthermia
Hyperthermia exists when core temperature is �38◦C and is
different from fever in that it is in excess of the hypothalamic set
point. For comparable deviation from normothermia, hyper-
thermia is more detrimental to the body than hypothermia,
with the brain and central nervous system (CNS) being most
sensitive. Hyperthermia increases the release of excitatory neu-
rotransmitters and has been shown to worsen neurologic injury
following ischemic events and status epilepticus. Under anes-
thesia, most cases of hyperthermia result from excessive intra-
operative warming techniques; however, excessive metabolic
production of heat in the setting of impaired heat dissipation
also is possible. Common causes of hyperthermia are listed in
Table 28.3.
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Figure 28.2. Anesthetic-induced inhibition of
thermoregulatory control usually is the major fac-
tor determining perioperative core temperature.
Concentration-dependent thermoregulatory inhibi-
tion by desflurane, isoflurane (halogenated volatile
anesthetics), alfentanil (a µ-agonist opioid), and
propofol (an intravenous anesthetic). The sweating
(triangles), vasoconstriction (circles), and shivering
(squares) thresholds are expressed in terms of core
temperature at a designated mean skin temperature
of 34◦C. Anesthesia linearly, but slightly, increases
the sweating threshold. In contrast, anesthesia
produces substantial and comparable linear or
nonlinear decreases in the vasoconstriction and
shivering thresholds. Typical anesthetic concen-
trations thus increase the interthreshold range
(difference between the sweating and vasocon-
striction thresholds) approximately 20-fold from its
normal value near 0.2◦C. Patients do not activate
autonomic thermoregulatory defenses unless body
temperature exceeds the interthreshold range;
surgical patients thus are poikilothermic over a
3◦C–5◦C range of core temperatures.

Accuracy and reliability
of temperaturemonitoring
The gold standard for temperature monitoring is a thermistor
within the pulmonary artery, as it most accurately reflects core
temperature in a continuous manner. Its invasiveness, however,
lends to other monitoring techniques. The nasopharynx and
tympanicmembrane are close to the blood flow to the brain and
thus reliably reflect core temperature. Continuous tympanic
membrane monitoring is possible; however, it requires that a
transducer be placed in contact with the tympanic membrane,
which may be technically undesirable. An esophageal probe

Table 28.4. Sites for temperature monitoring

� Core temperature monitoring sites
� Pulmonary artery (gold standard)
� Nasopharynx
� Tympanic membrane
� Distal esophagus

� Transitional zone monitoring sites
� Axillary
� Rectum
� Bladder

� Peripheral temperature monitoring
� Skin

positioned above the hard palate allows continuous monitor-
ing of the nasopharynx. Rectal temperaturemay be confounded
by heat-producing bacteria; fecal insulation of the tempera-
ture probe, delaying responsiveness; or blood return from the
lower extremities. Bladder temperature closely approximates
core temperature but can be affected by an open abdomen and is
subject to the same delayed responsiveness as rectal monitoring
in settings of reduced urinary output. An appropriately placed
temperature probe in the distal esophagus accurately reflects
core temperature. When the site is not distal enough, readings
may be affected by inhaled gases. Table 28.4 shows possible sites
for temperature measurement.

Techniques for maintaining normothermia
Because patients under anesthesia are more susceptible to the
temperature influences of their environment and the standard
OR environment is cold, active techniquesmust be employed to
maintain normothermia. Patient covering is extremely effective
because as much as 80% of heat loss is from radiation and con-
vection. This is most effective when a patient is covered prior
to the induction of anesthesia, especially with prewarming of
the skin tominimize early intraoperative hypothermia. Forced-
air convection blankets are extremely effective when covering
�25% of the body surface area and require continuous temper-
ature monitoring to prevent hyperthermia. Table 28.5 outlines
various techniques to prevent perioperative heat loss andmain-
tain normothermia.
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Figure 28.3. The relative effects of warming methods on mean body
temperature. Figure 28.3 (A) shows the change in mean body temperature
according to the time elapsed since the start of treatment; (B) shows the
change in mean body temperature according to the quantity of fluid adminis-
tered. Mean body temperature is the average temperature of body tissue and
is usually somewhat lower than core temperature. The calculations are for a
hypothetical, undressed patient weighing 70 kg, with a metabolic rate of 80
kcal/h, in thermal steady state in a typical OR (ambient temperature, 21◦C).
Line A indicates the change in mean body temperature in a patient inspiring
warmed humidified gas. Line B indicates the change in a patient with all skin
below the neck covered by a warmed or unwarmed blanket. Line D indicates
the change in mean body temperature in a patient similarly covered with
three blankets. (Similar amounts of heat loss are prevented by one or three
layers of other passive insulators.) Line C indicates the change in a patient
on a full-length circulating-water mattress and line E the change in mean
body temperature in a patient covered with a full-length forced-air blanket.
Lines F, G, H, and I indicate the change in mean body temperature per liter of
administered blood or crystalloid at various fluid temperatures.

Postoperatively, these devices may be less effective in the
presence of peripheral vasoconstriction, as this might limit
heat transfer. Concerns regarding increased airborne bacte-
rial wound contamination with the use of these devices have
not been confirmed by studies. Radiant heat lamps are more
effective for use with infants because of their greater surface

Table 28.5. Measures to prevent heat loss and reverse hypothermia

Use blankets during transport from the scene
Increase trauma room and OR temperatures >80◦F
Minimize duration of exposure to cold environment
Use warming devices for all infusions in the trauma room and OR
Cover patient’s head and other parts of the body with warming devices
(Bair Huggera)

Irrigate nasogastric and thoracostomy tubes with warm saline
Irrigate open body cavities with warm saline
Consider extracorporeal warming

a Registered trademark of Arizant, Eden Prairie, MN.

area–volume ratio compared with adults. Radiant heat lamps
also are more effective in terminating postoperative shiver-
ing than the application of warm blankets. Thermal mattresses
have been more effective in the infant than in the adult pop-
ulation. Warming is hampered by decreased tissue perfusion
from compressive contact with these devices. Heat loss from
ventilation represents 8% to 10% of the total caloric expendi-
ture of the infant. Active heating and humidification of inhaled
gases canminimize damage to respiratory cilia. Fluid and blood
warming help minimize intraoperative heat loss, especially
when large volume resuscitation is required, as each liter of IV
fluid at ambient temperature that is infused into adult patients
decreases mean core body temperature by about 0.25◦C. Fig.
28.3 shows the relative effects of warming methods on mean
body temperature.
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Introduction
The assessment of neurologic function during surgery can
be challenging because many general anesthetics depress the
central nervous system (CNS). Fortunately, a variety of neu-
romonitoring techniques have been devised to monitor the
integrity of the CNS, which may be compromised by ischemia,
hypothermia, hypotension, or direct structural damage. Elec-
troencephalography and evoked potentials are used to assess
ischemia, surgical injury, and anesthetic depth. Monitoring of
intracranial hypertension is utilized primarily in the intensive
care unit and occasionally in the operating room. Methods to
assess cerebral blood flow (CBF) and oxygen saturations also
have been developed to aid in the detection of intraoperative
ischemia.

Electroencephalography
Electroencephalographic (EEG) monitoring analyzes the spon-
taneous electrical potentials generated by pyramidal cells of the
granular cortex via scalp electrodes, which are interpreted as
waveforms on a monitor. EEG waveforms are interpreted by
pattern recognition and quantification, which involves measur-
ing frequency and amplitude. Frequency is measured in hertz
(Hz) and is defined as the number of times per second the
wave crosses the zero voltage line. Amplitude is measured in
microvolts (�V) and represents the electrical height of thewave.
Commonly, EEG is a plot of voltage versus time using 16 chan-
nels. The scalp EEG oscillations have characteristic frequency
ranges which are divided into different bands that are associ-
ated with different states of brain functioning (Table 29.1).

Certain EEG changes are observed during anesthesia. Dur-
ing induction of anesthesia, a decrease in alpha activity and an
increase in beta activity are observed. With a more profound
depth of anesthesia, theta and delta activity is predominant.
By further deepening of anesthesia, a burst suppression pattern
may be observed as a depression of cerebral metabolic activity.
Isoelectricity is the maximum degree of suppression achievable
with anesthetic agents, which is the goal when inducing barbi-
turate coma.

The primary use of intraoperative EEG is to monitor
for cerebral ischemia and hypoxia during carotid endarterec-
tomy, cerebral aneurysms, arteriovenous malformations, and

Table 29.1. EEG frequency ranges

Delta rhythm (0–3 Hz) Deep sleep
Deep anesthesia
Pathologic states: brain tumors, hypoxia,
metabolic encephalopathy

Theta rhythm (4–7 Hz) Sleep and anesthesia in adults
Hyperventilation in awake children and
young adults

Alpha rhythm (8–13 Hz) Resting, awake adult with eyes closed;
predominantly in occipital leads

Beta rhythm (>13 Hz) Mental activity
Light anesthesia

cardiopulmonary bypass procedures. Other indications for
EEGmonitoring include the assessment of barbiturate-induced
burst suppression, CBF during deliberate hypotension, coma
and death states, and diagnosis and treatment of epilepsy
(Table 29.2).

The major advantage of intraoperative EEG monitoring is
that it allows early detection of cerebral hypoxia and ischemia,
because inadequate PaO2 or insufficient CBF is reflected within
seconds in the EEG.

Electrocorticography
Electrocorticography (ECoG) is the localization of epileptic foci
by the placement of electrodes directly on the exposed surface
of the cortex to record electrical activity. In cooperative patients,
ECoG can be performed in the operating room while the cran-
iotomy is accomplished with light sedation and local anesthe-
sia. Agents used for this light anesthesia include nitrous oxide,

Table 29.2. Factors affecting the EEG

PaO2 Hypoxia initially may produce EEG activation,
followed by slowing or electrical silence

PaCO2 Hypocarbia: EEG slowing
Mild hypercarbia: increased frequency
Severe hypercarbia: decreased frequency and
amplitude

Temperature Hypothermia: progressive slowing
Electrical silence at 15◦C–20◦C

Sensory stimulation EEG activation
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opioids, and low-dose isoflurane (maximum 0.25% end-tidal
concentration). Seizure activity is provokedwith agents or tech-
niques that lower the seizure threshold (methohexital, alfen-
tanil, hyperventilation).

In noncooperative patients and children, likely areas of
epileptic foci are identified prior to the craniotomy. “Grids and
strips” of electrodes embedded in a matrix are implanted into
the cortex, and ECoG is performed after the surgery.

Although ECoG is the “gold standard” used to define epilep-
togenic zones, newer technologies using structural MRI and
scalp EEG to integrate information and define first principal
vectors have proven to be a promising noninvasive approach to
locating epileptogenic zones.

Evoked potentials
Somatosensory evoked potentials
Somatosensory evoked potentials (SSEPs)monitor the integrity
of the sensory pathways of the spinal cord.The waves of evoked
potentials are thought to represent potentials from specific
neural generators. A peripheral stimulus is applied to a dis-
tal nerve – usually the median or posterior tibial nerve – and
the cephalad progression of the stimulus is monitored along the
popliteal fossa, lumbar spine, cervical spine, and cortex. The
amplitude of the cortical responses is very small (0.1–20 �V)
and difficult to discern from background bioelectrical activity
(EEG, electrocardiogram, muscle activity) and extraneous elec-
trical activity in the room, such as infusion pumps and blood
warmers. However, this background noise is eliminated by the
averaging process.

The individual peaks in the waveform of sensory evoked
potentials are described by:
� Polarity (negative, positive)
� Poststimulus latency (ms)
� Peak-to-peak amplitude (�V or nV)
� Distance separating neural generators and recording

electrodes (near-field, far-field)
Compromise or injury to a neurologic pathway is mani-

fested by an increase in latency and/or decrease in amplitude
of evoked potential waveforms. In general, it must be stressed
that because most anesthetics affect evoked potential moni-
toring, it is very important to maintain constant anesthetic
drug levels so that changes seen in the monitoring can be
seen as a reflection of possible neurologic damage. Specifically,
bolus administration of intravenous agents and step changes in
inspired agent concentration should be avoided, especially dur-
ing parts of the surgery when neurologic injury might occur.
High concentrations of end-tidal inhalational agents essentially
eliminate cortical evoked potentials (SSEPs or visual evoked
potentials [VEPs]). Newer inhalational agents, such as desflu-
rane and sevoflurane, may permit higher inhaled concentra-
tions during electrophysiologic monitoring than older agents.
In general, volatile agents cause a dose-dependent increase in
latency and a decrease in amplitude of cortical SSEPs or VEPs.

Many intravenous agents, such as narcotic infusions, propofol,
ketamine, dexmedetomidine, andmethohexital alter SSEPs less
than volatile anesthetics or nitrous oxide.

Motor evoked potentials
Motor evoked potentials (MEPs) may be produced by direct
(epidural) or indirect (transosseous) stimulation of the brain
or spinal cord. Following transcranial stimulation, the signal
descends through motor pathways located in the corticospinal
tract of the spinal cord. The signal is localized primarily in the
pyramidal tracts and can be recorded from the spinal cord,
peripheral nerves, and muscle using conventional electromyo-
graphic (EMG) and evoked potential techniques. Stimulation of
the motor cortex elicits contralateral peripheral nerve signals,
EMG signals, or limb movements. Transosseous activation of
motor neurons is accomplished by either electrical or magnetic
stimulation. Transcranial electrical stimulation is achieved by
delivering brief high-voltage pulses through scalp electrodes.
Transcranial magnetic stimulation is produced by placing a
magnetic coil over the motor cortex. With either electrical or
magnetic stimulation, it is possible for repetitive stimulation
to induce epileptic activity, neural damage, and cognitive or
memory dysfunction. In patients with seizures, skull fractures,
implanted metallic devices, or pulmonary artery catheters, this
technique should be used with caution.

In addition, it is very important to make sure that a soft bite
block is in place orally to prevent injury to the patient’s tongue
and teeth duringMEP stimulation.MEPs are particularly useful
in monitoring for surgically induced damage during scoliosis
surgery or resection of cerebral tumors. Myogenic MEP mon-
itoring can detect ventral horn ischemia during aortic recon-
struction (Tables 29.3 and 29.4).

Physiologic changes in systemic blood pressure, PaO2,
PaCO2, and temperature may alter evoked potentials. Systemic
hypotension below levels of cerebral autoregulation produces
progressive decreases in amplitude of evoked potentials.

Wake-up test
The purpose of the wake-up test is to monitor voluntary motor
function of the lower extremities once the vertebrae have been
distracted during scoliosis surgery. This test was frequently
used in scoliosis surgery but now is generally reserved for
cases in which there is a decrease or loss of evoked poten-
tials after excessive retraction during surgery. The wake-up test
involves gradually lightening the anesthetic depth while main-
taining adequate analgesia, to the point at which the patient
can respond to verbal commands such as “squeeze my hands”
or “wiggle your toes.” The patient needs to be educated about
the wake-up test prior to surgery, including reassurance about
not feeling any pain during the test and very small likelihood of
intraoperative awareness.

During the actual wake-up test, it is important to remem-
ber that patients with idiopathic scoliosis generally are
young, healthy, and strong. Therefore, some anesthesiologists
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Table 29.3. Evoked potentials monitoring

Monitoring Technique Anesthetic considerations

SSEPs Evaluation of functional integrity of ascending sensory
pathways by somatosensory stimulation

A significant change of SSEPs is considered if the amplitude is reduced by
50% from baseline in response to surgical manipulation.

TIVA may be preferred over inhalational agent anesthesia.
End-tidal concentrations of 0.6 MAC of volatile agent are compatible with

satisfactory readings.
Nitrous oxide in combination with a volatile anesthetic produces

profound depression unless total MAC < 1.0.

VEPs Evaluation of functional integrity of ascending sensory
pathways by visual stimulation

TIVA may be preferred over inhalational agent anesthesia.
End-tidal concentrations of 0.5 MAC of volatile agent are compatible with

satisfactory readings.
VEPs tend to be more sensitive than SSEPs to the effect of inhalational

anesthetics.
Nitrous oxide in combination with a volatile anesthetic produces

profound depression.

BAEPs Evaluation of functional integrity of ascending sensory
pathways by auditory stimulation at the brainstem

BAEPs are less vulnerable than SSEPs or VEPs to anesthetic influences.
Most anesthetic regimens are compatible.
Increase of latency with minimal amplitude effects.
An increase in latency of >1 ms is considered clinically significant.
Large step of inhalational agent increases (>0.5 MAC) should be avoided

during critical periods.

MEPs Evaluation of functional integrity of descending motor
pathways

MEPs are extremely sensitive to volatile agents, but less so to nitrous
oxide.

Benzodiazepines, barbiturates, and propofol produce marked depression
of myogenic MEPs.

Fentanyl, etomidate, and ketamine have little or no effect.
Muscle relaxants affect the recorded EMG response by depressing

myoneural transmission but may be used as a continuous infusion
maintaining 1 or 2 twitches.

BAEPs, brainstem auditory evoked potentials; MAC, minimum alveolar concentration; TIVA, total intravenous anesthesia.

administer a small dose of nondepolarizing muscle relaxant
(i.e., 0.015 mg/kg of vecuronium) just before the test to mildly
weaken the patient. It is important to inform the neurophysiol-
ogist if any muscle relaxants are given. It is advisable to have an
assistant, in addition to the anesthesiologist, at the head of the
bed just before the test and to have an additional assistant under
the drapes viewing the patient’s feet. In general, volatile agents
should be discontinued 20 minutes before the test and nitrous
oxide discontinued 1 to 3 minutes before the test. If an infusion
of methohexital or propofol was used, then it needs to be dis-
continued for a sufficient period. After the test is accomplished,
the anesthesiologist can reanesthetize the patient with a small
dose of an induction agent and/or midazolam. The induction
agentmust be given carefully considering that the patientmight
demonstrate hemodynamic changes such as hypotension in the
setting of hypovolemia. In most cases, only a small amount of
induction agent is needed to reinitiate general anesthesia. The
anesthesiologist thenmust reassess the patient’s positioning and
padding because somepatientsmovemore than their hands and
feet.

It is very important that the wake-up test is performed by an
experienced anesthesiologist, because an uncontrolled wake-up
test may lead to inadvertent extubation of the trachea as well
as disconnection of arterial and venous catheters and patient
injury.

Table 29.4. Effect of intravenous agents on evoked potentials

Agent Effect

Propofol Increases latency and decreases amplitude of SSEPs;
decreases amplitude of VEPs

Etomidate Increases latency and amplitude of cortical SSEPs;
increases latency of VEPs

Thiopental Induction dose may increase latency and decrease
amplitude of SSEPs; increases latency and decreases
amplitude of VEPs
Increasing doses result in dose-dependent increase
in latency and decrease in amplitude of cortical
SSEPs and progressive increases in latency in
BAEPs

Pentobarbital Increases latency and decreases amplitude of SSEPs
and VEPs

Ketamine Increases latency and amplitude of SSEPs; increases
latency and decreases amplitude of VEPs

Midazolam No change or increase in latency and decrease of
amplitude of SSEPs

Diazepam No change or increase in latency and decrease
of amplitude of SSEPs; decreases amplitude of
VEPs

Opioids Minimal change in SSEP waveforms

BAEPs, brainstem auditory evoked potentials.
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Table 29.5. ICP monitoring techniques

Method Technique Advantages Disadvantages

Intraventricular catheters
(standard)

Small scalp incision
Small burr hole through skull
Insertion of a soft nonreactive plastic

catheter into the lateral ventricle,
connection to transducer

Relatively reliable measurement of ICP
Allows CSF drainage and compliance

measurement

Occlusion of tubing may obliterate
recording

Ventricle is difficult to locate in the
setting of brain swelling

Brain injury is possible during
passage of catheter

Risk of hematoma and infection of
catheter

Subdural–subarachnoid bolts
or catheters

Hollow screw fixed into the skull with
the tip passing through the incised
dura

No brain tissue penetration or knowledge
of ventricular position

May be placed in any skull location with
avoidance of venous sinuses

Occlusion of tubing may obliterate
recording

Brain tissue may obstruct the tip of
the bolt

Risk of infection, epidural bleeding, or
focal seizures if bolt is positioned
too deeply

Epidural transducers Placement of epidural catheter with a
pressure-sensitive membrane or a
Numoto pressure switch (Ladd
transducer)

Lower risk of brain infection because of
extradural placement

Difficult placement in potential space
Risk of bleeding
No possibility for compliance testing
or CSF drainage

Intraparenchymal fiber-optic
devices

Fiber-optic catheter introduced within
cortical gray matter

Direct measurement of brain tissue
pressure

Easy insertion
Small diameter
Less disruptive of brain tissue
Lower risk of infection (no fluid column)
New fiber-optic ICP monitors allow

measurement of local CBF, PO2, PO2,
PCO2, pH, and other metabolic markers

No possibility of calibration in situ
No possibility of compliance testing
or CSF drainage

CSF, cerebrospinal fluid.

Cranial nervemonitoring
Potential injury to the cranial nerves may occur during pos-
terior fossa and lower brainstem procedures. The integrity of
these cranial nerves can be preserved by monitoring the EMG
potential of cranial nerves with motor components (CN V, VII,
IX, X, XI, and XII). Both spontaneous and triggered muscle
activity can be recorded.With accidental surgical contact, spon-
taneous neural activity changes into phasic “bursts” or “train”
activity, which allows the surgeon to realize that he or she is
in danger of damaging the cranial nerve. It is recommended
that muscle relaxants not be administered during cranial nerve
monitoring.

Intracranial pressure monitoring
Continuous intracranial pressure (ICP) monitoring has been
used to guide the perioperative management of patients with
head injury, large brain tumors, ruptured intracranial an-
eurysms, cerebrovascular occlusive disease, and hydrocephalus
(Table 29.5). With continuous ICP monitoring, one can opti-
mize cerebral perfusion pressure, which is critical in the treat-
ment of brain hemorrhage, swelling, and herniation. Another
important indication for ICP monitoring is to detect intracra-
nial hypertension during neurosurgical procedures.

Transcranial Doppler ultrasound
TranscranialDoppler ultrasound (TCD), used for clinical imag-
ing of intracranial vasculature, uses a 2-MHz range-gated
probe. This probe is placed over low-density bone regions
of the skull, and the beam is focused on the appropriate
vessel, usually between the junction of the middle cerebral
artery and the anterior cerebral artery. The blood flow of the
vessel produces a Doppler shift proportional to the blood
velocity, and thus a continuous assessment of systolic, dias-
tolic, and mean flow velocities is possible. TCD primarily
is a technique to measure relative changes in blood flow
rather than a method to determine the actual blood flow.
TCD can be used to measure CO2 reactivity and autoregu-
lation and to estimate cerebral perfusion pressures by using
the pulsatile index: systolic velocity – diastolic velocity/mean
velocity. TCD is used to identify patients with vasospasm,
hyperemia, emboli, stenosis, abnormal collateral flow, and inad-
equate CBF.

Cerebral oxygenationmetabolism
Several monitoringmodalities are available to prevent ischemia
bymeasuring the cerebral oxygen saturation during cardiac and
vascular surgery (Table 29.6).
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Table 29.6. Cerebral oxygen/metabolism monitoring techniques

Monitoring method Technique Anesthetic considerations

Brain tissue oxygenation A multiparameter sensor is available for measuring brain
tissue PO2, PCO2, pH, and temperature using a combined
electrode-fiber-optic system

The placement of the sensor requires insertion into the
cortex tissue under direct visualization.

Jugular bulb venous oximetry Measurement of SjVO2 through a percutaneous retrograde
cannulation of the internal jugular vein using a catheter
with embedded optical fibers. Normal SjVO2 is 60%–70%.

Increases in SjVO2 indicate relative hyperemia as a result of
reduced metabolic requirement (comatose or brain-dead
patient) or excessive flow (severe hypercapnia). A value
<50% reflects increased oxygen extraction and potential
risk of ischemic injury. This also may be caused by increased
metabolic demand (fever, seizure) or by an absolute
reduction in flow. A major limitation is the inability to
detect focal ischemia.

Transcranial oximetry NIRS is a noninvasive optical method for monitoring
cerebral regional oxygenation. It reflects off oxy- and
deoxyhemoglobin and allows quantitative assessment of
those based on the absorption of light at several
wavelengths.

It is used as a monitor during carotid endarterectomy, head
injury, and subarachnoid hemorrhage.

Major limitations include intersubject variability, variable
optical path length, potential contamination from
extracranial blood, and lack of a definable threshold. It can
be used only as a trend monitor. As a bilateral monitor, it is
useful to detect regional ischemia during carotid
endarterectomy and temporary clip application during
intracranial aneurysm surgery.

Cerebral oximetry
Near-infrared spectroscopy (NIRS) provides a noninvasive
assessment of the cerebral intravascular oxyhemoglobin, deoxy-
hemoglobin, and mitochondrial cytochrome aa3 oxygen levels
by measuring the ability of these chromophores to absorb near-
infrared light. The pathway of light photons in mammalian tis-
sue is characterized by light attenuation as photons are absorbed
by tissues and by scattering of the pathways as the photons are
deflected from the different types of tissues. NIRS technology
takes advantage of this by having the light emitter and detec-
tor on the same plane and measuring light that takes an ellip-
tical pathway. In experimental settings, NIRS has been used
along with other monitoring modalities to assess O2 delivery
and extraction, cerebral blood volume, CBF, and the redox state
of the brain.

Most medical uses of NIRS center on its ability to mea-
sure relative changes in oxygen extraction in the total blood
volume in a small brain area. Approximately 75% of the
blood volume in the brain is venous, thus measures of the
oxyhemoglobin content of this blood volume gives an esti-
mate of venous oxygen saturation and thus extraction. This
modality is called regional cerebral oximetry (rSO2; INVOS,
Somanetics Corporation, Troy, MI), and it is currently being
used in cardiac and neurosurgical as well as pediatric critical
care units.

Brain tissue oxygen monitors
Brain tissue oxygen monitors are catheters inserted through an
intracranial bolt that measures O2, brain tissue temperature,
and ICP. The interstitial partial pressure of oxygen in brain tis-
sue (PbtO2) depends on the CBF and arteriovenous difference
in oxygen tension, thus these types of monitors may be a more
sensitive tool in assessing cerebral hypoxia. Intensivists can
individualize the care of a patient with traumatic brain injury

(TBI) because the PbtO2 is dependent not only on CBF but also
on hemoglobin and lung function.

Jugular venous bulb oximetry
Continuous jugular venous bulb oximetry (Sjvo2) provides a
means to indirectly assess the brain’s ability to extract and
metabolize oxygen. Cerebral oxygen delivery depends on CBF
and arterial oxygen content. In healthy patients, the extrac-
tion ratio between arterial and venous blood remains constant
because CBF increases when cerebral oxygen requirements
increase. However, �50% of patients with TBI exhibit evidence
of cerebral dysautoregulation and thus are at risk for localized
or generalized cerebral hypoxia. A study comparing brain tis-
sue oxygen Pao2 levels with Sjvo2 found that both monitoring
methods provided complementary information and that nei-
ther method alone identified all episodes of ischemia. Brain
tissue monitors are capable of monitoring only a local area,
whereas SjVO2 monitors give a broader picture of the over-
all oxygen extraction. Because of difficulties in positioning the
probe in a retrograde fashion from the internal jugular vein,
these probes are used rarely in a clinical operating room setting.

Summary
Neuromonitoring during anesthesia and critical care allows for
more insightful therapeutic management of patients who have
had nonsurgical brain injury or who are at risk for neurologic
injury during neurosurgical and back procedures. More stud-
ies are needed to determine which monitoring modalities or
which combinations of monitoring modalities lead to optimal
outcomes during the perioperative and critical care periods. It is
possible that in the future, some of these techniqueswill become
standard of care, but it also is important for outcome studies to
demonstrate a therapeutic advantage before they are adopted as
standard of care.
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Chapter

30 Intraoperative awareness
Scott D. Kelley

One of the fundamental goals in providing general anesthe-
sia is to render the patient unconscious and oblivious to the
events of the surgical procedure. If the anesthetic state becomes
inadequate, a patient may regain consciousness and potentially
formmemories of the intraoperative period. This complication
of anesthesia – intraoperative awareness with recall – has been
recognized for decades, and it recently has become the focus of
concerted efforts to reduce its frequency. Anesthesia strategies
can be developed tominimize the occurrence and consequences
of intraoperative awareness.

Incidence and etiology
Several prospective investigations documented the prevalence
of intraoperative awareness with recall at approximately 0.1%
to 0.2%; that is, it occurs in one in 500 to 1000 patients under-
going general anesthesia.These incidencemeasures have used a
specific and simple structured interview to determine whether
intraoperative memories have been formed. Patient recall of
intraoperative events may be delayed; consequently, several
interviews during the first 7 days will detect a greater occur-
rence of awareness. Initial interviews in the postanesthesia care
unit likely detect only two-thirds of awareness episodes. The
incidence of awareness determined using a patient interview
approach may be substantially lower than the frequency of
spontaneous patient complaints of awareness. In one survey of
a large anesthesia practice, a quality assessment survey detected
amuch lower incidence of awareness based on patient feedback.

Based on clinical experience and investigation, the inci-
dence of intraoperative awareness is greater in a recognized
spectrum of patient types, surgical procedures, and anesthetic
techniques (Table 30.1). In some of these clinical situations,
such as emergency trauma surgery or a patient’s cardiovascu-
lar status may preclude the administration of an adequate anes-
thetic dose to produce unconsciousness and suppress memory
formation, and can increase the risk of awareness tenfold, up
to 1%. Intravenous anesthesia may lead to a higher incidence
of awareness due to the inability to monitor anesthetic drug
levels with the equivalent of end-tidal agent analysis. General
anesthesia provided solely by the combination of nitrous oxide
and opioid administration has a higher incidence of awareness.
Administration of neuromuscular blocking agents is associated
with an increased risk of awareness, presumably because these

Table 30.1. Potential risk factors for awareness

Surgical procedures Cardiac, trauma, emergency surgical
procedures; emergent cesarean section

Patient characteristics Substance use or abuse
Chronic pain patients on high doses of opioids
ASA physical status 4 or 5
Limited hemodynamic reserve

Anesthetic history Anticipated or history of difficult intubation
Previous episode of awareness
Total intravenous anesthesia
Nitrous oxide–opioid anesthesia

Anesthetic management Planned use of neuromuscular blocking
agents during maintenance phase

Reduced anesthetic doses during paralysis

agents mask somatic signs of inadequate anesthesia. The early
period of a general anesthetic, particularly in cases involving
endotracheal intubation, is a high-risk period for intraoperative
awareness. During management of anticipated or unexpected
difficult intubation, the focus and attention of securing the air-
way may allow the anesthetic level to decrease and permit con-
sciousness and recall. Similarly, the acute increase in anesthetic
requirement with surgical incision represents another high-risk
period for the occurrence of awareness.

By definition, intraoperative awareness occurs when an
inadequate anesthetic effect permits a patient to regain con-
sciousness, permittingmemory formation. Inadequate anesthe-
siamay result from an inadequate dose selected by the clinician,
a failure (mechanical and/or human error) of the anesthetic
delivery system to deliver the intended dose of anesthesia, or
potentially, unrecognized resistance to anesthetic agents. The
last etiology has been particularly difficult to characterize. To
date, no genetic link to anesthetic requirement has been identi-
fied. In contrast, however, a patient’s medication and substance
use may alter the anesthetic dose required to maintain con-
sciousness.

Consequences of intraoperative awareness
The consequences of intraoperative awareness are quite varied,
ranging from tragic and horrific patient experiences to episodes
that appear to have no sequelae. In one large prospective inves-
tigation, the occurrence of awareness was the greatest risk
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factor for patient dissatisfaction with anesthesia care. In addi-
tion, a detailed follow-up of patients who experienced intraop-
erative awareness demonstrated that awareness may result in
substantial psychological injury. During the period of intraop-
erative awareness, a patient may experience varying degrees of
sensation (e.g., audible, tactile, pain, paralytic) as well as acute
psychological symptoms (e.g., fear, panic, helplessness). The
variety of these experiences and the duration of the awareness
episodes likely are factors that contribute to the severity of psy-
chological injury following awareness.The psychological injury
may be transient and minor but also has been documented to
result in substantial permanent long-term psychological distur-
bance, classified as posttraumatic stress disorder.

The occurrence of intraoperative awarenessmay be the basis
for medicolegal action against the anesthesia professional who
cared for the patient. The American Society of Anesthesiol-
ogists (ASA) Closed Claims Project has examined the settle-
ment history for awareness claims in the database. In the most
recent report, claims involving anesthesia awareness accounted
for approximately 3% of cases. Payment was made in 46% of
claims, and the median payment was $41,210 (range, $3960–
$1,016,470). Although the frequency of payments is similar to
that of other general anesthesia claims, the median payment is

significantly less than that for other anesthesia claims. Several
experts believe the recent focus on intraoperative awareness
may increase the likelihood of medicolegal claims; however,
it will be several years before this concern is reflected in the
Closed Claims Project.

Preventing intraoperative awareness
The continued occurrence of awareness in modern anesthesia
practice – in both high-risk and routine cases – has prompted
efforts to develop practice strategies to prevent awareness. In
the past 5 years, several anesthesia professional societies around
the world, including the ASA, issued guidelines for their mem-
bers regarding awareness. In addition, the JointCommission for
Accreditation of Healthcare Organizations (JCAHO) issued a
Sentinel Event Alert to hospitals encouraging them to develop
policies to prevent andmanage intraoperative awareness. Com-
mon themes from these approaches include appropriate patient
assessment and risk stratification, intraoperative use of rou-
tine clinical monitoring techniques, specific consideration of
brain function and anesthetic agent monitoring in select cases,
and postoperative assessment of patients to detect and manage
awareness, if it occurred (Fig. 30.1).
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Figure 30.1. Approach to avoiding awareness.
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Preoperative period
Preoperative patient assessment should include identification
of patient and procedural factors known to increase the risk of
awareness. If a patient is at higher risk for awareness, this should
be communicated during the informed consent process. Preop-
erative administration of benzodiazepine – despite its known
amnestic effect – should not be considered protection against
intraoperative awareness. In addition, preanesthesia checkout
of the anesthetic machine and other drug delivery devices is
essential to ensure the delivery of the intended anesthetic dose.

Clinical monitoring techniques
The routine clinical monitoring of the patient’s vital signs and
responses is important to assess the adequacy of the anes-
thetic state. However, intraoperative awareness may be particu-
larly difficult to recognize based on routine clinical monitoring.
A common assumption is that other indicators of inadequate
anesthesia will alert the anesthesia clinician to a patient regain-
ing consciousness. However, based on detailed reviews of anes-
thesia records from cases of intraoperative awareness, most
patients did not exhibit hemodynamic signs of hypertension
or tachycardia that would indicate inadequate anesthesia. As
described earlier, neuromuscular blocking agents can prevent
a patient from exhibiting somatic movement as a sign of inade-
quate anesthesia.

Brain functionmonitoring
Brain function monitoring devices provide anesthesia clini-
cians with another method to assess anesthetic effect. These
devices use the patient’s electroencephalogram (EEG) and/or
auditory evoked responses as biological signals of anesthetic
effect. To improve the utility of these devices, the manufac-
turers developed signal processing techniques and algorithms
to translate raw EEG waveforms into numeric indicators of
anesthetic effect. Typically, these devices scale anesthetic depth
from a dimensionless score of 100, indicating the “awake” state,
to 0, indicating maximal anesthetic effect on the EEG. As a
class, these devices are very accurate in distinguishing an awake
patient from an “unconscious” one. Consequently, the utility of
this monitoring modality has been investigated as a measure to
minimize intraoperative awareness.

Although other devices are available, only the bispectral
index (BIS) monitor has been used in prospective trials to date.
Two large trials studied the incidence of awareness when BIS
monitoring was added as an adjunct to routine patient care and
management. In a prospective investigation of 4945 patients
undergoing routine anesthesia including neuromuscular block-
ing administration, addition of BIS monitoring led to a 78%
reduction in the incidence of awareness comparedwith a histor-
ical cohort of 7826 patients. In amore rigorous prospective ran-
domized controlled trial enrolling 2463 patients at high risk for
awareness, the addition of BIS monitoring resulted in an 82%
reduction in the incidence of awareness.

Anesthetic agent monitoring
The broad availability of end-tidal anesthetic agent analysis
allows anesthesia clinicians to accurately measure the effec-
tive dose of delivered volatile anesthetic. In addition, the well-
appreciated concept of volatile anesthetic potency, measured by
minimum alveolar concentration (MAC), offers the ability to
determine anesthetic requirements such as MACawake. A recent
prospective trial measured the incidence of awareness in 1941
high-risk patients randomly assigned to undergo a BIS-guided
anesthesia protocol (maintaining BIS between 40 and 60) or an
end-tidal anesthetic-guided protocol (maintain 0.7–1.3 MAC).
Therewere two cases of awareness in each treatment group, sub-
stantially less thanwould be expected in high-risk patients.This
study did not find a difference in the incidence of awareness
between the BIS-guided and MAC-guided anesthetic require-
ment techniques.However, the studymay have been underpow-
ered to detect a difference between the interventions.

Currently, anesthetic agent monitoring is available only for
volatile anesthetic agents and nitrous oxide. Real-time mea-
surement of intravenous anesthetic concentration is not avail-
able. There are no data available comparing the effectiveness of
target-controlled infusions of propofol as a method to reduce
awareness with that of conventional propofol infusion regi-
mens.During anesthesia involving total intravenous anesthesia,
brain function monitoring may provide additional confirma-
tion of anesthetic delivery and effect.

Postoperative assessment andmanagement
Early detection of awareness may minimize patient conse-
quences. Although the Joint Commission recommends that all
patients be assessed to detect the occurrence of awareness, other
organizations suggest that only patients at increased risk need
to be assessed. If intraoperative conditions (e.g., mechanical
failure of anesthetic delivery, prolonged cessation of anesthetic
agent administration due to hypotension) suggest an increased
likelihood of awareness, the patient should be assessed as soon
as possible. A structured approach modified from Brice is the
easiest to use: What is the last thing you remember before you
went to sleep? What is the first thing you remember when you
woke up?Do you remember anything in between?Did you have
any dreams? All patients who report intraoperative awareness
should be followed up by the anesthesia team. It is important
to express empathy with the patient’s experience and concerns.
The anesthesia team is in the best position to determinewhether
a patient’s report of awareness represents intraoperative recall
or perhaps recall during emergence, during extubation, or at a
later time point. A discussion of the possible etiology or risk fac-
tors for awareness should be presented. Because of the poten-
tial for psychological injury, additional consultations should
be obtained regarding the best course of counseling and other
follow-up. Awareness cases should be discussed at departmen-
tal quality assurance meetings to increase efforts to avoid them
in the future.
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31 Inhalation anesthetics
Matthias Stopfkuchen-Evans, Lina M. Bolanos-Diaz, Alimorad G. Djalali, and Beverly K. Philip

The term inhalation anesthetic refers to anesthetics adminis-
tered in a gaseous form. These include nitrous oxide (N2O), a
gas at room temperature, and the volatile anesthetics, which are
nonflammable liquids at room temperature. Inhalation anes-
thetics are the most common drugs used for maintenance of
general anesthesia because of their ease of administration and
the ability to reliably monitor their effects with clinical signs
and end-tidal concentration. This chapter presents the clinical
pharmacology of commonly used and future inhaled anesthet-
ics (Table 31.1).

Halothane
Physical properties
Halothane (2-bromo-2-chloro-1,1,1-trifluoroethane) is a halo-
genated alkane compound. It is colorless and pleasant smelling
but unstable in light; therefore, it is packaged in amber bot-
tles with thymol preservative. Halothane became popular as a
nonflammable general anesthetic, replacing older, flammable
volatile anesthetics such as diethyl ether and cyclopropane.
Halothane is a potent bronchodilator and is the least expen-
sive volatile anesthetic. Although it is still used in developing
countries, especially for the inhalation induction of anesthesia
in children, it is no longer available in the United States.

Biotransformation and toxicity
The MAC (minimum alveolar concentration; see Chapter 33)
for halothane is 0.75%, and its blood/gas partition coefficient
(	b/g) is 2.4. Approximately 25% of administered halothane is
metabolized to trifluoroacetic acid (TFA), chloride, and bro-
mide. The major metabolite in humans is TFA, formed from
oxidative metabolism primarily by CYP2E1. The TFA metabo-
lite also reacts with tissue proteins to form trifluoroacetylated
protein adducts (discussed later in the chapter).

Nitrous oxide
Physical properties
N2O is a colorless, odorless, nonflammable gas. Although non-
flammable, N2O will support combustion. The MAC is 105%;
therefore, N2O is frequently used in combination with other
anesthetic agents. The blood/gas partition coefficient (	b/g) is

0.47, and with its lower solubility, N2O has a very rapid uptake
and elimination. N2O also is analgesic and is commonly used
for dental sedation/analgesia.

N2O increases the volume of air-filled cavities, air bub-
bles in blood, and air-containing intestines. All air-filled spaces
contain nitrogen, which has a very low blood/gas partition co-
efficient (0.014). Compared with nitrogen, N2O is much more
soluble and much more diffusible. When N2O enters an air-
filled cavity down a partial pressure gradient, nitrogen cannot
leave the cavity as quickly as N2O enters. Hence, the volume of,
of the gas pressure in, the cavity increases until its N2O partial
pressure equals that in the blood that is perfusing it. There are
several clincial scenarios when this effect is particularly unde-
sirable. N2O should not be used when a pneumothorax is sus-
pected. N2O added to trapped air in the skull after head trauma
may lead to brain damage. An air embolus becomes more dan-
gerous when N2O is in the bloodstream.The common presence
of intravascular air during cardiopulmonary bypassmakesN2O
an undesirable agent for cardiac surgery. In abdominal proce-
dures, N2Omay cause an increase in the volume of the gas-filled
intestine, depending on the concentration and duration of N2O
administration and the composition of the bowel gas. If an ileus
is present, the volume change may cause bowel ischemia and
difficulty closing the abdomen. Breathing 70% to 80%N2O and
airmay double the volume of the intestinal gas in approximately
two hours. For elective abdominal surgery, this change may not
be of any significance. Because diffusion coefficients of CO2 and
N2O are similar, N2O may be used during laparoscopic proce-
dures using CO2 for insufflation.

Biotransformation and toxicity
N2O isminimallymetabolized (0.004%), and during emergence
almost all is eliminated by exhalation. It has a very low short-
term toxicity. Long-term, intensive care unit use of N2O has
been associated with clinical sequelae of inhibition of methion-
ine synthase. N2O irreversibly oxidizes cobalamin, a cofactor
(along with folic acid) for methionine synthase, thus impair-
ing DNA synthesis and causing hyperhomocysteinemia. Bone
marrow depressionmay occur after prolonged exposure. Symp-
toms of vitamin B12 deficiency, including sensory neuropa-
thy, myelopathy, and encephalopathy, may develop after several
days of exposure to N2O anesthesia. Patients with heterozygous
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Table 31.1. Properties of inhalation agents

Parameter Nitrous oxide Isoflurane Sevoflurane Desflurane Halothane

MAC 104 1.15 2.05 6.0 0.75
Vapor pressurea 39,000 240 160 664 244
Blood/gas pc 0.47 1.46 0.69 0.42 2.54
Brain/blood pc 1.1 1.6 1.7 1.3 1.9
Muscle/blood pc 1.2 2.9 3.1 2 3.4
Fat/blood pc 2.3 45 47.5 27 51
CO2 absorbent stability Yes CO formation

when dry
Compound A formation,
heat production

CO formation
when dry

CO formation
when dry

Pungency No Yes No Yes No

a vapor pressure in mm Hg at 20◦C.
pc, partition coefficient; CO, carbon monoxide.

mutations in the gene encoding formethionine synthase orwith
vitamin B12 deficiency are at risk for acute hyperhomocysteine-
mia and neuropathy, even after a single exposure to N2O for as
few as 80 minutes.

Isoflurane
Physical properties
Isoflurane (2-chloro-2-[difluoromethoxy]-1,1,1-trifluoro-
ethane) is a halogenated ether with a moderately high pun-
gency that can irritate the respiratory system.

Biotransformation and toxicity
The MAC of isoflurane is 1.17%, and its blood/gas partition
coefficient (	b/g) is 1.4. There has been controversy regard-
ing the use of isoflurane in patients with coronary artery dis-
ease because of the possibility of “coronary steal,” which is
diversion of blood from areas of myocardium with inadequate
perfusion to myocardium with more adequate perfusion. How-
ever, this has not been shown to be any clinical significance.
Isoflurane exposure has been demonstrated to induce cog-
nitive decline in mice. Exposure of cultured human cells to
isoflurane has been reported to induce apoptosis as well as accu-
mulation and aggregation of amyloid beta protein. However,
no link between clinical exposure to isoflurane and cognitive
decline or dementia in humans has been established.

Sevoflurane
Physical properties
Sevoflurane (2,2,2-trifluoro-1-[trifluoromethyl]ethyl fluoro-
methyl ether) is a sweet-smelling drug used for induction and
maintenance of general anesthesia. Sevoflurane is the preferred
agent for mask (inhalational) induction because of its low
airway irritation; it also is a potent bronchodilator.

Biotransformation and toxicity
The MAC of sevoflurane is 2.05%, and its blood/gas parti-
tion coefficient (	b/g) is 0.65. Sevoflurane metabolites include

fluoride (F−), which has the potential to cause high-output
renal failure. However, because of sevoflurane’s low blood/gas
solubility and its rapid elimination, fluoride concentrations fall
very quickly after surgery and renal toxicity from fluoride does
not occur.The interaction of sevoflurane with dry carbon diox-
ide absorbents produces a chemical toxic to rats called “com-
pound A.”

Desflurane
Physical properties
Desflurane (2-[difluoromethoxy]-1,1,1,2-tetrafluoroethane) is
structurally similar to isoflurane but differs in its substitution
of a fluoride for isoflurane’s single chloride atom. This change
results in (1) low solubility in blood and tissues, allowing tissue
levels to follow inhaled levels closely; (2) a decrease in potency;
and (3) high vapor pressure. Desflurane boils at 22.8◦C,which is
near room temperature, requiring a unique anesthetic admin-
istration device that heats the desflurane liquid to 39◦C (and
�2 atm) to deliver desflurane as a vapor (Chapter 20).

Biotransformation and toxicity
Desflurane’s MAC is 6.0%, and its blood/gas coefficient (	b/g) is
0.42. It is minimally metabolized. The interaction of desflurane
with dry CO2 absorbents produces carbon monoxide (possibly
resulting in increased levels of blood carboxyhemoglobin). The
major clinical drawbacks of desflurane are its airway pungency
and cardiovascular reactivity.

Xenon
Xenon is a nonflammable, colorless, and odorless gas that does
not irritate the respiratory tract. Xenon is a trace gas in atmo-
spheric air, unlike all other inhaled anesthetics, and is not an
environmental pollutant. Xenon has a low blood/gas partition
coefficient (0.14), allowing rapid uptake and elimination. The
MAC is 60% to 70%, which prohibits the use of overpressure as
an induction technique.

Xenon is well tolerated for inhalation induction, pro-
ducing unconsciousness with analgesia, a degree of muscle

214



Chapter 31 – Inhalation Anesthetics

relaxation, and respiratory depression. It has minimal cardio-
vascular effects. Xenon is not metabolized in the body and is
eliminated rapidly via the lungs. It is nontoxic, not associated
with allergic reactions, and stable in storage, with no interac-
tionwith alkali CO2 absorbents. Xenon should not be usedwith
rubber anesthesia circuits as there is a high loss through the
rubber. The high price of xenon has prevented its use in clin-
ical anesthetic practice. Xenon, therefore, needs to be delivered
in a closed circuit. The accumulation of nitrogen is a signifi-
cant problemwithin the closed circuit and necessitates flushing,
which in turn increases gas expenditure.

Clinical effects of inhalational anesthetics
Central nervous system
Volatile inhalation agents produce general anesthesia, which
comprises a lack of awareness and lack of physical and physi-
ologic response to surgical stimulation as primary therapeutic
effects. All volatile inhalation agents produce a dose-dependent
increase in cerebral blood flow through vasodilation, increased
intracranial pressure (ICP), and decreased cerebral metabolic
rate of oxygen (CMRo2). Below 1MAC, the decrease in CMRo2
effect dominates; above 1 MAC, the cerebral vasodilatory effect
dominates. Hypocapnia, opioids, and barbiturates can attenu-
ate the increase in ICP if needed in patients with intracranial
lesions or head injuries. Because of their vasodilator proper-
ties, volatile anesthetics diminish cerebral blood flow autoregu-
lation. Halothane is the most potent cerebral vasodilator, and
isoflurane is the least potent. Volatile anesthetics cause pre-
dictable EEG changes. During induction, volatile anesthetics
increase the frequency and amplitude of EEG, whichmay relate
to the excitement phase (stage II). As 1 MAC is reached, the
EEG begins to slow, and then becomes isoelectric at 1.5 to 2
MAC.Volatile anesthetics also affect evoked potentials, increas-
ing latency and decreasing amplitude.

Cardiovascular system
Volatile anesthetics cause a concentration-dependent decrease
in mean arterial blood pressure by a variety of mechanisms. All
volatile anesthetics decrease systemic vascular resistance (SVR),
with halothane having the least effect on SVR. Halothane
decreases blood pressure mainly by decreasing cardiac contrac-
tility, more so than do isoflurane, desflurane, or sevoflurane. In
contrast, isoflurane, sevoflurane, and desflurane decrease blood
pressure primarily by decreasing SVR. Volatile anesthetics have
a protective effect on the myocardium called anesthetic precon-
ditioning.

Volatile anesthetics increase heart rate as a compensatory
response to the decrease in bloodpressure, except for halothane,
which blunts the baroreceptor reflex. With desflurane, a rapid
increase in inspired concentration may lead to a rapid increase
in heart rate and/or blood pressure, likely as a result of sym-
pathetic stimulation. This effect may be attenuated by the prior
administration of a �-blocker or moderate doses of opioid. All

inhaled anesthetics, especially isoflurane and desflurane, pro-
long the QT interval.

N2O is a mild negative inotrope, slightly reducing con-
tractility by inhibiting transsarcolemmal Ca+2 flux. It does
not change heart rate, it maintains SVR by increasing sym-
pathetic tone, and it causes vasoconstriction of epicardial
coronary arteries. N2O further increases pulmonary vascu-
lar resistance in patients with preexisting pulmonary hyper-
tension. Unlike other agents, halothane sensitizes the heart
to the arrhythmogenic effects of epinephrine, predisposing to
arrhythmias. Combined use of halothane with local anesthetics
containing epinephrine should be limited to epinephrine doses
�1.5 �g/kg. Beta-blockers and calcium channel blockers may
exacerbate the myocardial depression induced by halothane.
Halothane also slows sinoatrial conduction, whichmay result in
junctional rhythms; adults are more susceptible than children.

Respiratory system
Inhaled anesthetics produce concentration-dependent depres-
sion of respiratory drive via depression of the ventilatory
centers in themedulla and reduction of intercostalmuscle func-
tion. The result is a rapid, shallow breathing pattern, even in
the absence of surgical stimulation, with decreased tidal volume
and a compensatory increase in respiratory rate. However, this
compensation may be insufficient to maintain adequate minute
ventilation. Resting PaCO2 is elevated, as is the apneic thresh-
old. Ventilatory responses to arterial hypoxemia and hypercap-
nia are diminished by inhaled anesthetics. Desflurane, more
than isoflurane, can cause airway irritation during induction,
resulting in coughing, breath holding, laryngospasm, and sali-
vation.Among the other volatile anesthetics, the order of airway
irritation is isoflurane � halothane � sevoflurane. Halothane,
sevoflurane, and isoflurane are potent bronchodilators, while
desflurane may cause bronchoconstriction, especially in smok-
ers and persons with asthma.

Hepatic system
Ether-based anesthetics (isoflurane, sevoflurane, desflurane)
decrease portal vein blood flow but increase hepatic artery
blood flow, thus maintaining total hepatic blood flow and oxy-
gen delivery. This is in contrast to halothane anesthesia, in
which decreases in portal vein blood flow are not compensated
by increases in hepatic blood flow. Postoperative liver dysfunc-
tion has been associated most commonly with halothane use,
although there are reports after isoflurane and, rarely, desflu-
rane use.There are twomajor types of hepatotoxicity, type I and
type II.

Type I hepatotoxicity
Type I hepatotoxicity is benign and self-limiting. It occurs in
25% to 30% of those who receive halothane. Signs aremild tran-
sient increases in serum transaminase, nausea, fever, but usually
not jaundice.
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Type II hepatotoxicity
Type II hepatotoxicity (also called “halothane hepatitis”) has
been reported in one per 35,000 cases of halothane adminis-
tration. It is immune-mediated and believed to result from the
metabolism of halothane to TFA via oxidative reactions in the
liver. Clinical signs of liver injury include fever, eosinophilia,
jaundice, and grossly elevated serum transaminase levels, with
positive IgG against TFA. Severe cases are associated with
massive centrilobular liver necrosis that may lead to fulmi-
nant liver failure, with a mortality rate of 50%. Risk factors
for halothane hepatitis include (1) multiple exposures, espe-
cially at intervals of � 6 weeks – reexposure at short inter-
vals is the single greatest risk factor for halothane hepatitis;
(2) a history of postanesthetic fever or jaundice, which may
indicate previous subclinical disease; (3) obesity; (4) female
sex: and (5) age � 50 years. There also may be a genetic
predisposition.

The incidence of liver injury caused by fluorinated inhaled
anesthetics follows the order of halothane � isoflurane �
desflurane, and it correlates with the extent of their oxida-
tive metabolism, which is halothane (20%), isoflurane (0.2%),
and desflurane (0.02%). Because all these inhaled anesthetics
appear to form protein adducts that are identical or related
in structure to those produced by halothane, it seems prob-
able that they cause liver injury by a similar mechanism.
The reduced incidence of injury from the other inhalational
anesthetics compared with halothane appears to result from
the lower levels of potentially immunogenic protein adducts
formed when they are oxidatively metabolized by CYP2E1.
Sevoflurane does not produce TFA, so it does not cause hepato-
toxicity.

Renal system
Volatile anesthetics produce a concentration-dependent reduc-
tion in renal blood flow, glomerular filtration rate, and uri-
nary output due to decreases in blood pressure and cardiac
output. These may be attenuated by adequate perioperative
hydration. Inorganic fluorides are released by the oxidation of
halogenated anesthetics. Fluoride levels of �50 �mol/L may
cause renal injury, consisting of polyuria hypernatremia, the
inability to concentrate urine, and increased serum osmolal-
ity. Methoxyflurane is the only agent known to cause clinical
fluoride-induced toxicity by this mechanism.

Sevoflurane in contact with the soda lime in a CO2 absorber
forms several degradation products, including compound A.
Larger amounts of breakdown products are produced at lower
fresh gas flows, as a result of increased temperature of the soda
lime, andwhen the soda lime is desiccated. CompoundA causes
serious injury to kidneys in rats but is not proven to cause
the same in humans. It is hypothesized that the difference is
the result of different levels of renal cysteine conjugate �-lyase
enzymes, which catalyze the conversion of compound A into
thiol, which may cause toxicity. However, �-lyase is eight to 30
times less active in humans.

Neuromuscular system
Volatile anesthetics produce skeletal muscle relaxation and
potentiate the effect of neuromuscular blocking drugs (both
nondepolarizing and depolarizing). Sevoflurane can produce
adequate muscle relaxation for intubation of children and
adults, at sufficient depth.

Malignant hyperthermia
Malignant hyperthermia (MH) is a pharmacogenetic disorder
of skeletal muscle triggered in susceptible individuals by all
volatile inhalation anesthetics (desflurane, halothane, isoflu-
rane, and sevoflurane). In addition to volatile agents, depolar-
izing skeletal muscle relaxants (e.g., succinylcholine) can also
triggerMH.This syndrome has been linked to amissensemuta-
tion in the type 1 ryanodine receptor (RyR1) in more than
50% of cases studied to date. Signs of MH include tachycardia,
increased expired CO2, muscle rigidity, and increased temper-
ature, and are related to increasedmetabolism (hypermetabolic
state).

The treatment of MH is dantrolene (see Chapter 110).
Dantrolene markedly attenuates the loss of calcium from sar-
coplasmic reticulum, restoring the metabolism to normal and
reversing the signs of metabolic stimulation.

Inhalational induction technique
Since Morton’s demonstration of the inhalation of ether in
1846, inhalation induction has been a useful technique to
produce unconsciousness. Subsequently, chloroform, cyclopro-
pane, N2O, and halothane became popular agents for inhala-
tional induction. Halothane was administered to millions of
adult and pediatric patients worldwide for more than 30 years,
but because of its cardiac depressive effect, arrhythmogenicity,
and potential for hepatic dysfunction, it has been replaced by
newer and safer agents, such as sevoflurane.

Sevoflurane is a sweet-smelling agent, having a nonirri-
tant odor and a low blood/gas partition coefficient. It can be
rapidly and conveniently administered without discomfort, and
its low solubility facilitates precise control over the depth of
anesthesia.This agent’s low solubility, clinically useful overpres-
sure capability, and high airway and cardiovascular tolerability
combine to produce a rapid and smooth induction of general
anesthesia.

Inhalation induction is widely used in the pediatric popu-
lation and is a great alternative for adult patients with difficult
intravenous access or an aversion to needles. Among the advan-
tages of inhalation induction is the avoidance of the discomfort
of a painful injection (propofol) and the “hangover” associated
with intravenous agents (thiopental). Anesthesia “masks” have
improved in the past several years and now are clear and more
comfortable. They can be flavored with fruit essence or mint to
make the induction a more pleasant experience.

Several clinical trials have evaluated and described mask
inhalation induction techniques with sevoflurane, including:
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� Gradual technique: The gradual technique consists of
increasing the sevoflurane concentration by 1% every two
breaths. This technique may be initiated with 66% N2O
before introducing sevoflurane, because N2O is odorless
and has a pleasant effect.

� Vital capacity single-breath technique: The anesthesia
circuit is primed with 8% sevoflurane and up to 75% N2O
in O2 at 4 L/min (3:1) for at least 1 minute. The patient
exhales to residual volume, then inhales to vital capacity
and attempts to hold his or her breath as long as tolerated
or until unconsciousness.

Studies have shown that there is little statistical or clinical
difference between the two induction techniques, or between
the vital capacity technique and intravenous induction with
propofol.
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Chapter

32 Pharmacokinetics of inhalational agents
James H. Philip

Thekinetics of inhaled anesthetics is fundamental to the clinical
practice of anesthesia.This subject is often called the uptake and
distribution of anesthetics. It explains the time course of anes-
thetic movement from the delivery system to the site of action,
which is the patient’s central nervous system. Although the site
of action of inhaled anesthetic agents includes the brain and
spinal cord, the word brain is used alone in the remainder of
this chapter. See Chapter 35 for further discussion of anesthesia
site of action.

Inhaled agents are either gases or vapors, depending on their
physical state at room temperature and pressure. Nitrous oxide
and xenon are gases. For these agents, the anesthetic source is a
flow controller with flow meter. Halothane, isoflurane, sevoflu-
rane, and desflurane are vapors. In this chapter, the agent source
for all these is called a vaporizer.Thephysical properties of some
of these agents are listed in Table 32.1.

Definitions
The measure of anesthetic concentration in a compartment or
location is the partial pressure. Partial pressure is also called
tension. Tension is a generic term that applies to variables that
equalize in connected locations. Examples are hydrostatic ten-
sion (water height) and electrical tension (voltage). The inter-
changeable terms high-tension wires and high-voltage wires are
familiar examples of this.

Anesthetic partial pressure or tension could be expressed in
common pressure units such as mm Hg, Pa, or kPa. However,
the most commonly used unit for anesthetic partial pressure is
% atm (percent of one sea level atmosphere). One percent par-
tial pressure represents 1% × 760 mm Hg = 7.6 mm Hg. The
anesthetic tension is then said to be 1%. Commercial vaporizers
state their delivered tension as a percentage and thus are consis-
tent with this description.

Equilibrium is achieved when the tensions in compart-
ments are equal. The locations or compartments of interest
for inhaled agents are breathing circuit (inspired gas), lungs
(alveolar gas), arterial blood, and the idealized body compart-
ments: the vessel-rich group (VRG; brain, heart, liver, and kid-
neys), muscle, fat, and venous blood. Fig. 32.1 displays the
Gas Man model (registered trademark of the author), show-
ing the compartments and their partial pressures. The model
has been validated for induction and emergence of anesthesia

and has been used to elucidate fine points of inhalation
kinetics.

Although equilibrium is achieved when the anesthetic ten-
sions in compartments are equal, anesthetic concentrations in
connected compartments differ at this equilibrium according to
agent solubility in each location. For blood and gas in equilib-
rium, the ratio of concentration in blood to concentration in
gas is the blood/gas solubility ratio or blood/gas solubility. The
following example explains this.

A 10-ml syringe is filled with 5 ml blood and 5 ml air.
A small amount of liquid or vapor anesthetic is added to the
syringe, which is then capped and shaken. In the syringe, the
tension of anesthetic in the blood and gas compartments equal-
izes while the concentrations equilibrate. At equilibrium, the
ratio of concentration in the blood to concentration in the gas is
the blood/gas solubility ratio or blood/gas solubility.The ratio of
drug quantity in these two equal-size compartments also equals
the blood/gas solubility. When the term solubility is used by
itself, it usually refers to blood/gas solubility or blood/gas solu-
bility ratio.

Movement of anesthetic
As blood passes through the capillaries of the lungs, anesthetic
equilibrium is achieved across the alveolar–capillary mem-
brane. Thus, arterial tension equals alveolar tension. The con-
centration of anesthetic in blood is equal to the product of the
partial pressure and the solubility.

Arterial blood perfuses each tissue, and tissue tension rises
toward arterial tension. During this period, anesthetic tension
in venous blood leaving the tissue equals that in each tissue
itself. Eventually, anesthetic tension in the tissue equals that in
arterial blood. At this time, venous tension equals arterial ten-
sion and there is no longer anesthetic uptake into that tissue.
The tissue is in equilibriumwith blood. All tissues, fast and slow,
eventually reach equilibrium, some after many hours. When
this final equilibrium is reached, anesthetic tensions in all gas,
liquid, and tissue compartments are equal.

The alveolar tension curve
To understand the kinetics of inhaled agents, we analyze the
time course of anesthetic tension in the patient’s lungs or alveoli
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Table 32.1. Physical and kinetic properties of anesthetic agents

Units Halothane Isoflurane Sevoflurane Desflurane N2O Xenon

MAC % 0.8 1.1 2.1 6.0 110 70
Blood/gas solubility 2.47 1.30 0.65 0.42 0.47 0.13
VRG/blood solubility 1.94 1.62 1.69 1.29 0.89 1.30
Muscle/blood solubility 4.01 3.46 3.69 2.31 1.15 2.00
Fat/blood solubility 60.7 53.8 52.3 31.0 2.30 10.0
Alveolar plateau height 0.24 0.38 0.55 0.66 0.63 0.86
VRG = brain Tau Minutes 3.1 2.6 2.7 2.0 1.4 2.1
Muscle Tau Hours 2.4 2.1 2.3 1.4 0.7 1.2
Fat Tau Hours 49 43 42 25 2 8

(PA) in response to a step change in inspired tension (PI),
as described by Kety in 1950. This is called the alveolar step
response or, sometimes, the alveolar tension curve. The alveolar
tension curve describes the time course of alveolar tension (PA)
in response to a step change in inspired tension (PI).

Initial rise of the alveolar tension curve
The alveolar tension curve has the same general shape for all
inhaled agents because they share the same physiology of drug
delivery and removal. The alveolar tension curve components
are called the initial rise, plateau, knee, and tail, as described
by Kety. The alveolar tension curve for isoflurane is shown in
Fig. 32.2.

The first portion of the curve is called the initial rise (Fig.
32.3). This is what the shape would look like if there were no
removal of anesthetic from the alveoli by blood. This would
happen in the following imaginary situations: if cardiac output

Figure 32.1. Gas Man R© picture showing the schematic representation of
the model for inhalation kinetics. The upper half shows compartments in
which anesthetic partial pressure will rise from left to right. The lower half
shows the flows that link the compartments, FGF, alveolar ventilation (VA),
and cardiac output (CO). With permission of the owner, James H. Philip, and
the licensee, Med Man Simulations, Inc. (www.gasmanweb.com), a nonprofit
charitable organization, PO Box 67160, Chestnut Hill MA 02467. (Gas Man is
a registered trademark of James H. Philip and Med Man Simulations, inc., a
nonprofit charitable organization.)

were zero, if the lungs were not connected to the cardiovascular
system, or if the agent’s solubility in blood were zero. The ini-
tial portion of the alveolar tension curve follows this shape for
all inhaled agents whose inspired tension rises in the shape of a
step. The curve shape of the initial rise is an exponential curve,
shown in Fig. 32.3 and expressed mathematically as

PA

PI
= 1 − e− t


 (Eqn. 1)

where 
 (Greek letter tau) is called the time constant. The time
constant can be computed as the ratio of volume to flow in the
alveolar compartment. The volume (V) is the functional resid-
ual capacity (FRC), or resting volume, of the lung and the flow
(F) is the alveolar ventilation (VA), equal to the effective average
minute ventilation of the alveoli:


 = V
F

= FRC
VA

(Eqn. 2)

For the average adult, FRC = 2 L and VA = 4 L/min, so


 = FRC
VA

= 2L
4 L/min

= 0.5 min (Eqn. 3)

The shape of the exponential curve of Eqn. 1, shown in Fig.
32.3, can be understood as follows. Initially, t= 0 and e0 = 1, like
any number raised to the zero power. Thus, PA/PI = 0 initially.
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Figure 32.2. Alveolar tension curve for isoflurane. The vertical axis labeled
A/I reflects the alveolar over inspired ratio of concentration, fraction, partial
pressure, or tension. The curve shows the characteristic initial rise, knee, and
tail described in the text.
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Figure 32.3. Rise in alveolar tension in response to a step change in inspired
tension in the absence of uptake into blood. Small circles represent values at
1, 2, 3, and 4 time constants, which occur at 0.5, 1.0, 1.5, and 2.0 minutes.

As time passes, t eventually reaches the value of 
 . This is at 0.5
minute in the example. At this time, the exponent of e is −1
and e−1 = 1/e= 1/2.72718∼ 0.37. Oneminus this value is 0.63.
Thus,when t= 
 , PA/PI = 0.63.After a second time constant has
passed (2× 0.5= 1 minute in this example), PA/PI has reached
0.63 of the remainder or 0.84 of the total. The value at 3 × 
 =
0.92 and at 4× 
 = 0.98.Thus, at the end of four time constants,
the curve has reached 0.98 on its way toward 1. It will reach 1.0
only after infinite time has elapsed.

An exponential curve depicts the input–output relationship
for any fully mixed single compartment subjected to a step
change in the tension entering it.This applies to tissue compart-
ments as well. For a tissue compartment, the effective volume
is the actual volume times the tissue/gas solubility. The effec-
tive flow is the actual blood flow times the blood/gas solubil-
ity. Solubilities of successive areas relate to each other such that
tissue/gas solubility (	t/g) equals tissue/blood solubility (	t/b)
times blood/gas solubility (	b/g).

	t/g = 	t/b × 	b/g (Eqn. 4)

Plateau of the alveolar tension curve
The next portion of the alveolar tension curve is called the alve-
olar plateau. It reflects the added effect of removal of anesthetic
by the blood (Fig. 32.4). This portion of the alveolar tension
curve is created by the balance between delivery of anesthetic by
alveolar ventilation (VA) and the removal of anesthetic by the
product of cardiac output (CO) and blood/gas solubility (	b/g).
The alveolar plateau height is computed as:

PA

PI plateau
= 1

1 + CO × 	

VA

(Eqn. 5)

The equation and plateau height can be understood as fol-
lows. Imagine a drug with solubility = 1 and call it unithane.
Further, consider the patient whose cardiac output equals his
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Figure 32.4. The alveolar plateau is formed as alveolar ventilation delivers
agent to the alveoli while blood flow removes it. The removal rate equals
cardiac output times blood/gas solubility.

or her alveolar ventilation. In this situation, CO × 	/VA =
1 and the alveolar plateau height is calculated to equal 1

1+1 =
0.5 = 1/2. Thus, the height of the plateau tension is half the
height of inspired tension. This shows the balance of delivery
exactly offset by removal, establishing equilibrium where alve-
olar tension is halfway between zero and inspired tension. If
ventilation is higher, the plateau is higher. If cardiac output or
solubility is higher, the plateau is lower.

The presence in the plateau equation of the mathematical
term CO × 	/VA is clinically very significant. A change in any
one of these parameters is offset by a proportional or inverse
change in another term. Thus, halving the ventilation is the
same as doubling the solubility. Moreover, doubling the ven-
tilation is the same as halving the solubility, and tripling the
ventilation is the same as reducing the solubility by a factor
of three. This is important in that desflurane, sevoflurane, and
isoflurane have relative solubilities of 1, 2, and 3. Table 32.1
shows solubilities and plateau heights, and Fig. 32.5 shows the
plateaus.
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Figure 32.5. Alveolar plateaus for real anesthetics and the imaginary
zerothane (solubility zero) and infinithane (solubility infinity) anesthetics.
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Figure 32.6. Tail of the alveolar tension curve. The rise in alveolar tension
that transforms the plateau into a knee is produced by venous return of
anesthetic-laden blood to the lungs.

Knee and tail of the alveolar tension curve
The final portion of the alveolar tension curve is called the tail.
It is formed as a result of venous blood from tissues return-
ing anesthetic to the alveoli; this causes alveolar tension to
rise. Because arterial blood anesthetic tension follows alve-
olar tension closely, arterial tension also rises. As anesthetic
tension from fast tissues (VRG) rises in the first few min-
utes after the inspired step, the flat plateau is transformed into
an upgoing knee and the name of this portion of the curve
changes (Fig. 32.6). The plateau exists in theory, whereas the
knee and tail exist in reality. The first portion of the tail is
formed by anesthetic-laden blood from VRG, the next portion
by anesthetic-laden blood from muscle (a few hours later), and
the final portion by anesthetic-laden blood from fat (more than
10 hours later). The alveolar tension curve for many agents is
shown inFig. 32.7 alongwith lines depicting the plateauheights.
Actual plateau heights and values are shown in Table 32.1.
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Figure 32.7. Alveolar tension curves of several anesthetics. Graphs are
redrawn from the data of Yasuda, Eger et al., Anesth Analg 1991; 72:316–324.

Fine points of end-tidal, alveolar,
and arterial tension
Lung shunt
Arterial blood anesthetic tension follows alveolar gas tension
closely. Blood that passes through alveolar capillaries attains
an anesthetic tension identical to that in alveolar gas. How-
ever, some blood flow does not pass through alveolar capil-
laries equilibrating with alveolar gas. This blood is called lung
shunt. Lung shunt addsmixed venous bloodwith its lower anes-
thetic tension to the perfect alveolar-equilibrated blood. Thus,
arterial tension is slightly lower than alveolar tension during
deepening andhigher than alveolar tension during lightening of
anesthesia.

Alveolar dead space
Agentmonitorsmeasure end-expired gas tension. In reality, this
“end-expired” gas comprises alveolar gas plus a small amount of
inspired gas.The fraction of inspired gasmixed into the expired
gas is the alveolar dead space fraction. This is usually around
10%.

End-expired gas monitor errors
The end-tidal agent tensionmeasured by agent monitors differs
from arterial blood tension by two errors: alveolar shunt and
alveolar dead space. The total error with isoflurane is approxi-
mately 20%. Stated differently, Part/PET = 0.8.

End-expired gas misinterpretations
that ignore brain delay
At all times during anesthesia, anesthetic tension in the brain
lags behind that in the arterial blood. The brain is a compart-
ment perfused by blood and takes time to equilibrate with it.
Based on brain/blood solubilities all being approximately 1.5
(Table 32.1), the brain time constant is between 1.5 and 3 min-
utes for all anesthetic agents.

Clinical kinetics: control of anesthetic depth
The goal of administering inhaled anesthetics is to bring the
anesthetic tension in the brain to the desired level, manipulate
it as clinical conditions dictate, and reduce the brain level to as
close to zero as possible at the end of anesthesia. During anes-
thesia, brain tension is held somewhere near 1 MAC with pure
inhalation anesthesia and � 1 MAC when other agents form a
significant part of the patient’s anesthetic. Even if inspired agent
tension could be controlled accurately, alveolar and VRG ten-
sion would be lower and delayed according to the alveolar ten-
sion curve described earlier.

In clinical care, the vaporizer dial is set and fresh gas flow
(FGF) with the delivered tension enters the breathing circuit.
The FGF mixes with the patient’s exhaled gas flow, producing
an inspired tension that is an average of exhaled and delivered
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tensions, each weighted by its relative flow and possibly affected
by uneven mixing. Dilution of the delivered tension occurs
unless FGF greatly exceeds ventilation. This occurs rarely in
clinical practice, in which such excess is considered wasteful.
The limit of low FGF is closed circuit anesthesia, in which FGF
is set to exactlymatch the patient’s uptake of oxygen and inhaled
anesthetic agent. Closed circuit anesthesia is not addressed in
this chapter.

Careful adjustment of the vaporizer setting combined with
consideration of FGF, ventilation, cardiac output, and blood/gas
solubility of the chosen anesthetic are required to achieve and
maintain the desired brain anesthetic tension. FGF, vaporizer
setting, inspired tension, and expired tension should all be
observed for good control and understanding of brain anes-
thetic tension. This is important because changing FGF and
patient ventilation often requires changes in the vaporizer set-
ting, and these changes might not otherwise be appreciated if
only expired tension is observed and recorded.

Emergence from anesthesia
Emergence from anesthesia of very long duration is the inverse
of anesthesia induction. The alveolar tension curve is inverted.
The shape could be described as comprising the initial fall, the
knee, and the tail of the curve.

The level of anesthesia in the VRG at which 50% of patients
follow commands is termedMACawake. For all agents,MACawake
is approximately 0.33MAC.Other benchmark levels of anesthe-
sia are 0.75MAC, 0.5MAC, 0.2MAC, and 0.1MAC. Figure 32.8
shows a graph of emergence after very long anesthesia created
by inverting the anesthesia induction curves of Fig. 32.7. It can
be seen that for most agents, even in the context of a very long
anesthetic at 1.0 MAC, the 0.75 MAC level is reached immedi-
ately and the 0.5 MAC level is attained in just a few minutes.
The time to reach one-half the steady-state initial value is called
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Figure 32.8. Alveolar tension fall for various anesthetic agents after an
infinitely long anesthetic. These curves are created by inverting the curves of
Fig 32.7. Dotted lines are shown at reduction from 1 MAC to 0.75, 0.50, 0.33,
0.20, and 0.10 MAC, reflecting fractional reductions of 0.25, 0.50, 0.67, 0.80, and
0.90 MAC.

the half-time. This value is commonly used as a benchmark for
drugs. More sensitive differentiation among drugs is achieved
by observing 0.67, 0.80, and 0.90 reduction (shown as dotted
lines in Fig. 32.8).

Emergence is faster after short anesthetics than after long
anesthetics.This is because very slow body compartments, such
as fat, remain empty enough to remove anesthetic from blood.
The effect of the muscle compartment changes within clinical
durations of anesthesia. As muscle fills with anesthetic, it is
transformed from a compartment that augments awakening to
one that retards it. Any compartment with a tension lower than
that in the blood helps emergence, whereas any compartment
with a tension above that in blood hinders it.

Subtle kinetic effects
The concentration effect
The concentration effect and second gas effect describe the
effect of gas uptake on the gas volume and the concentra-
tion that remains in the alveolar compartment. The concentra-
tion effect describes the kinetic impact of breathing a gas in a
high concentration or fraction. When a high concentration is
breathed, most of the gas taken up from the lung is that gas.
When alveolar volume is reduced by uptake into blood during
one breath, inspired tidal volume is increased in the next breath
to offset the missing volume.

This phenomenon increases alveolar ventilation during the
period of rapid uptake into blood.Thehigh-concentration effect
is usually described regarding nitrous oxide, because currently
it is the only agent safe to breathe in a high concentration.
Fig. 32.5 shows that the plateau height for nitrous oxide is
lower than that for desflurane. In Fig. 32.5, the line is drawn
as if nitrous oxide were breathed in a low concentration like
the other gases. To avoid confusion, Fig. 32.7 omits the curve
for nitrous oxide because in the actual experiment depicted,
nitrous oxide was breathed in a high concentration (65%–
70%) and the concentration effect displaced the nitrous oxide
curve above that of desflurane. Figure 32.9 demonstrates the
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Figure 32.9. The concentration effect refers to the effect whereby high-
concentration (70%) nitrous oxide increases the rise of alveolar nitrous oxide
compared with a low concentration of nitrous oxide (7%). The figure was
created using Gas Man.
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Figure 32.10. Second gas effect shows the higher alveolar tension curve
for isoflurane combined with 70% nitrous oxide compared with the curve for
isoflurane alone. The figure was created using Gas Man.

impact of concentration by overlaying simulated alveolar ten-
sion curves when breathing high-concentration (70%) and low-
c-oncentration (7%) nitrous oxide.

The second gas effect describes the impact of the presence
of a high-concentration first gas such as nitrous oxide on
the alveolar tension curve for a second, lower-concentration
gas, such as isoflurane (Fig. 32.10). The absorption of the
high-concentration high-volume nitrous oxide concentrates
the isoflurane remaining in the alveoli. This absorption also
augments all ventilation into the lungs by the increased inspired
ventilation from the concentration effect. Because the alveolar
isoflurane concentration is low compared with the inspired
concentration, the alveolar concentration of the second gas can
be raised by the presence of the first gas. For the less soluble
drugs sevoflurane and desflurane, the second gas effect has less
clinical impact.

The effect of tissue solubilities and blood flows
The clinical impact of tissue/blood solubility and the shape
of the tail of the alveolar tension curve are subtle. Simulation

provides insights. When anesthetic tension in a tissue com-
partment exceeds MACawake or any other specified threshold,
that tissue compartment delays blood and brain tension from
reaching the threshold level. Early in the course of anesthesia,
low muscle and fat anesthetic tensions will speed emergence,
whereas later, high anesthetic tensions will delay it. The sub-
tleties of tissue solubility and unknown tissue volume and blood
flow make this even more complex.

Summary
Inhalation anesthesia kinetics is important.The alveolar tension
curve in response to a step change in inspired tension unveils
the kinetic relationship created by the interconnection of the
inspired gas with the alveolar gas, blood, and key body com-
partments.
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33 Pharmacodynamics of inhalational agents
Jan Boublik and Richard D. Urman

The minimum alveolar concentration (MAC) of an inhaled
anesthetic is the concentration at 1 atm that prevents visible
skeletal muscle movement in response to skin incision in 50%
of patients. MAC is the inhaled anesthetic equivalent to the
50% effective dose (ED50) of other medications. Several basic
assumptions form the foundation of the concept of MAC.

First, alveolar concentration is an assessment of blood level.
The brain is perfused by this blood, but the effect on the brain
occurs several minutes after it appears in end-tidal gas, which
we use to estimate alveolar gas. MAC equals the partial pres-
sure of anesthetic at the anesthetic site of action. This is based
on the assumption that the alveolar partial pressure is transmit-
ted without change to arterial blood and that, given sufficient
time for equilibration, the partial pressure at the site of action
equals the partial pressure in arterial blood. The time constant
for the brain and spinal cord is approximately 3 minutes for all
inhaled agents. Thus, alveolar level to assess brain level can be
applied only when anesthetic level is constant for several brain
time constants. In research studies, end-expired anesthetic level
is held constant for 15 minutes before measures of anesthesia
depth are made.

The second assumption is that alveolar and end-tidal con-
centrations are equal. This is true only when there is no alve-
olar dead space and no alveolar shunt. Otherwise, dead space
and shunt cause end-tidal and arterial concentrations to differ.
Third, when the term concentration is used, it applies only at
sea level. For the term to apply universally, partial pressuremust
replace concentration in the definition. (Chapter 32 explores this
concept further.) The final assumption is that it is possible to
elicit an all-or-nothing response to skin incision.

Mechanism of immobility
The immobility produced, as measured by MAC, is primarily
mediated by the effects of volatile anesthetics on the spinal cord,
with only a minor cerebral component. For example, decere-
bration of animals does not change MAC, whereas delivery of
inhaled anesthetics only to the brain increases the MAC more
than 2.5-fold and selective delivery to the spinal cord decreases
MAC by a third.

The effects of volatile anesthetics on the spinal cord rep-
resent a diverse combination of drug-induced depression of
excitement as well as enhancement of inhibition. Inhaled

anesthetics inhibit excitatory �-amino-3 adenosine
monophosphate-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) andN-methyl-d-aspartate (NMDA) receptor currents
independently of � -aminobutyric acid A (GABAA) and glycine
receptor activity. Sodium, but not potassium, ion channels also
may be important in producing immobility. Cholinergic recep-
tors do not seem to be involved in producing immobility at the
spinal cord level. Opioids and �2-adrenoreceptor stimulation
decrease MAC, but it is unlikely that the immobility produced
by volatile anesthetics is mediated via these receptors. In
summary, immobility cannot be explained by action of volatile
anesthetics on a single group of receptors, nor does immobility
seem to be the effect of concurrent action on several receptors.

Significance of MAC
The value of the MAC concept lies in the fact that it establishes
a commonmeasure of potency (partial pressure at steady state)
for inhaled anesthetic with relatively small (10%–20%) varia-
tion among individuals (Table 33.1). The concept serves as a
guide for several important clinical issues.

MAC provides a means for uniform dosage comparison of
inhaled anesthetics. It establishes relative amounts of inhaled
anesthetics to reach set clinical end points (described later).
MAC serves as a guide to elucidate potential mechanisms of
inhaled anesthetic/anesthetic action, and the use of MAC as a
benchmark allows examination of the effect of equally potent
doses (at spinal level) on other organ systems.

It is of crucial importance to understand that MAC repre-
sents only one point on the dose–response curves of the inhaled
anesthetics. Amodest increase to 1.3MAC abolishesmovement
in at least 95% of patients as a result of the steep dose–response
curves.This is why in clinical practice in which the inhalational

Table 33.1. Comparative MACs at sea level for adults aged
30 to 55 years

Agent MAC, %

Nitrous oxide 104
Isoflurane 1.15
Sevoflurane 2.05
Desflurane 6.0
Halothane 0.75
Xenon 70
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Table 33.2. Factors affecting MAC

Factor Effect onMAC Mechanism

Age Young age (6 mo): increase
Increasing age: decrease

Brain development and neuron formation before and loss of neurons
after age 6 mo

Red hair Increase ? Increased pheomelanin concentrations caused by melanocortin-1
receptor gene mutations, antagonism with opioid receptors, or influence
on nociception

Body temperature Hyperthermia: increase
Hypothermia: decrease

Intrinsic properties in the brain

Blood pressure (MAP) < 40 mm Hg: decrease ? Possibly impaired brain perfusion

Postpartum Decrease by 30% immediately postpartum Cardiovascular and hormonal changes of postpartum period

Oxygenation PaO2 < 38 mm Hg: decrease Attenuation of glutamate excitotoxicity

Cardiopulmonary bypass surgery Decrease Not known

Length of surgery Constant or decrease Not known

Sodium Hypernatremia: increase
Hyponatremia: decrease

Inhaled anesthetics inhibit synaptosomal sodium channels; amount of
sodium in the body affects level of inhibition

Cyclosporine Increase Pharmacodynamic interaction seems to be likely, perhaps consequent to
an effect of cyclosporine on ligand-gated sodium channels

Opioids Decrease Indirect (modulating) role but not a direct (mediating) role; provide
analgesia and thus decrease MAC

Benzodiazepines Decrease Modulation by inhibition of GABA receptor

Ketamine Decrease NMDA receptor antagonism decreases temporal summation of pain
stimuli

Lithium Decrease Not known

Lidocaine Decrease Modulating effect by providing analgesia

Alcohol Acute: decrease
Chronic: increase

Acute alcohol ingestion: synergistic with inhaled anesthetics
Chronic alcoholism causes tolerance (?) by alteration of cytochrome
P-450 system

agent is the sole anesthetic, �1 MAC often is needed to pre-
vent the patient from moving in response to surgical stim-
ulation. Several other “MACs” are of clinical relevance, as
discussed below.

Various MAC parameters
MACawake represents the point on the volatile anesthetic con-
centration curve that defines the return of response to verbal
command during emergence from anesthesia. For most agents,
MACawake is 0.33MAC. Interestingly, the transition from awake
to unconscious requires 0.4 to 0.5 MAC.

MACintubation is the concentration of volatile anesthetic at
which nomovement or cough occurs during endotracheal intu-
bation. Its value is approximately 2.0 MAC.

MACBAR is the concentration at which we observe blocked
autonomic response (no blood pressure, heart rate, or cat-
echolamine release) to an incision. Its value is 1.6 to 1.7
MAC.

The ratios among MAC(skin), MACBAR, MACintubation, and
MACawake are constant for the respective inhaled anesthetics.

Factors affecting MAC
MAC lends itself to the analysis of physiologic and pharmaco-
logic factors that may or may not affect inhalational anesthetic

requirements in humans (Tables 33.2 and 33.3, respectively) as
a result of the remarkable homogeneity of inhaled anesthetic
requirements in humans.

Physiologic variables
Several factorsmay significantly alterMAC requirements.Max-
imum MAC requirement is achieved at 6 months after birth.
Age accounts for a 6% average decrease in MAC per decade of
life for all inhaled anesthetics. This is attributed to brain devel-
opment and formation (increase MAC) and degeneration of
neurons (decrease MAC) in the human brain.

Hyperthermia increases MAC, whereas hypothermia
decreases it. In the early postpartum period, MAC is decreased
by nearly 30% and returns to normal within 12 to 72 hours as
a result of postpartum hormonal and cardiovascular changes.

Table 33.3. Factors not affecting MAC

Gender (except for xenon)
Duration of anesthesia (see Table 33.2)
Anesthetic metabolism
Thyroid gland dysfunction
Hypo-/hyperkalemia
PaO2 variation if > 38 mm Hg
Hypertension
Hypotension
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Although gender does not affect MAC, women with naturally
red hair have a 20% increase inMAC, stemming from increased
pheomelanin concentrations caused by melanocortin-1 recep-
tor gene mutations. Most sources describe MAC as time
independent, but there is some evidence to suggest that the
MAC for isoflurane decreases with length of surgery as well as
cardiopulmonary bypass use. Hypoxia with a PaO2 � 38 mm
Hg decreases MAC by attenuating glutamate excitotoxicity.
Changes in the sodium concentration in the blood alter MAC
requirements by affecting synaptosomal sodium channels,
whereas changes in potassium levels have no effect.

Pharmacologic variables
MAC values for different inhaled anesthetics are additive,
meaning that 0.5 MAC each of two anesthetics provides the
same effect as 1 MAC of either agent alone. Nitrous oxide can-
not be used as the sole inhaled anesthetic in young patients,
as its MAC surpasses safe concentrations. Opioids at clinical
doses can reduce MAC by up to 50% in a modulating, indirect
fashion when they provide profound analgesia. Comparatively
smaller effects onMAC are observed with benzodiazepines and
ketamine through GABAA inhibition and NMDA antagonism
(causing decreased temporal summation of nociceptive stim-
uli). Whereas acute alcohol ingestion decreases MAC, chronic
alcohol use increases it. Table 33.2 summarizes the various fac-
tors affecting MAC.

Limitations of MAC
Although theMAC concept is undoubtedly useful in discussing
the potency of volatile anesthetics and the depth of anesthe-
sia, it also has several inherent limitations. MAC determination
requires a constant alveolar concentration to be maintained for
15 minutes to allow for equilibration of the vessel-rich group
and blood.The best use of MAC is in interpreting the end-tidal
anesthetic agent concentration in the recent past to predict the
level of anesthetic in the brain at present. Lung shunt and alve-
olar dead space cause differences between end-tidal and arterial
anesthetic tension.

It is important to remember that MAC is a measure of
ED50 established in clinical trials, not ED100 on a popula-
tion level. The required concentration to prevent movement in
response to skin incision therefore differs slightly from patient
to patient. MACmeasures somatic response, not lack of aware-
ness. It applies only to inhaled not intravenous anesthetics,
thereby limiting the ability to compare the two classes of drugs.
MAC always depends on a specific clinical end point, and dif-
ferent values have to be elucidated for each end point (e.g., skin
incision, awake).
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Chapter

34 Intravenous induction agents
Aakash Agarwala and Mark Dershwitz

Sedative–hypnotic agents such as barbiturates, benzodiaze-
pines, etomidate, and propofol, as well as medications such as
ketamine, all may be used to induce general anesthesia and are
therefore classified as induction agents. They also may be used
for maintenance of sedation or general anesthesia, either via
intermittent bolus injection or constant intravenous (IV) infu-
sion.When administered in large doses, as during the induction
of general anesthesia, they may cause significant cardiovascu-
lar and ventilatory effects. These effects, as well as the adverse
effects specific to each agent, are discussed in this chapter. The
choice of medications used for induction should be tailored to
each patient based on his or her medical history and the phar-
macologic effects of each drug. The choice may consist of an
induction agent alone ormay include the use of opioids, muscle
relaxants, inhalational agents, and/or vasoactive medications to
maximize patient safety and comfort and provide optimal sur-
gical conditions.

Overview
Benzodiazepines, barbiturates, etomidate, and propofol
function primarily through their interaction with the � -amino-
butyric acid (GABA) neurotransmitter system. Through differ-
ent mechanisms, they augment the function of this inhibitory
system. GABA receptor activation results in the influx of
chloride ions into neurons, causing hyperpolarization and inhi-
bition of the neuron by increasing the potential difference that
must be overcome to generate an action potential (see Chap-
ter 35).

Ketamine, in contrast to the other induction agents, acts
primarily by antagonizing the N-methyl-d-aspartate (NMDA)
receptor, although it also inhibits neuronal nicotinic acetyl-
choline receptors (see Chapter 35).Through its interaction with
NMDA receptors, it causes a simultaneous depression of the
thalamocortical system and stimulation of the limbic system,
resulting in what is called “dissociative anesthesia.”

During induction, a rapid onset of action is generally
desired to minimize the time the patient is in the excitatory
stage of anesthesia. Characteristics of these drugs that favor a
more rapid onset include high lipid solubility and greater frac-
tion of drug in the nonionized form. Following administration,
these drugs distribute rapidly to the central nervous system

(CNS) because of the large fraction of cardiac output received
by the CNS as well as their lipophilic nature.

The effects of opioids and IV induction agents are synergis-
tic, and the use of opioids prior to induction generally reduces
the dose of induction agent required to produce unconscious-
ness. In addition, opioids typically potentiate the cardiovascular
and ventilatory effects of the IV induction agents.

Elderly patients usually require lower doses of most agents
used for induction because of decreased CNS sensitivity,
decreasedmetabolic and renal clearance, and decreased plasma
protein concentration that results in an increased fraction of
“free” drugwithin the circulation. Elderly hypovolemic patients
who have been pretreated with opioids and/or benzodiazepines
may have more cardiovascular instability with a given dose of
an induction agent; thus, a lower dose of induction agent and
concomitant administration of vasoactive medications should
be considered in these patients.

Induction agents
Barbiturates
Thiopental and methohexital are the shortest-acting of the
barbiturates and are used for induction of general anesthe-
sia. Through rapid redistribution, they produce a loss of con-
sciousness, followed by prompt awakening following the usual
induction doses (Table 34.1). Thiopental is prepared as a 2.5%
solution that is relatively painless when injected intravenously.
Allergies to barbiturates are rare, estimated at one in 30,000,
and barbiturates are contraindicated in patients with porphyria.
Thiopental may cause hyperalgesia in sedative doses.

CNS effects
Thiopental decreases the cerebral metabolic rate of oxy-
gen consumption (CMRO2), cerebral blood flow (CBF), and
intracranial pressure (ICP) (Table 34.2). By decreasing cere-
bral metabolism, the administration of thiopental protects the
brain against ischemic injury during periods of decreased oxy-
gen delivery. This neuroprotective effect may be advantageous
for patients undergoing surgery for intracranial aneurysms or
arteriovenous malformations. Although thiopental also causes
decreases in mean arterial pressure, reductions in ICP may be
greater, favoring increased cerebral perfusion in these patients.
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Table 34.1. Pharmacokinetic characteristics of IV anesthetic agents

Drug Induction dose, Onset, Duration, Redistribution Terminal
mg/kg sec min half-life,min half-life, h

Thiopental 4–7 < 30 5–10 2–4 6–12
Methohexital 1–3 < 30 5–10 5–6 2–5
Propofol 1–3 < 30 3–8 1–2 4–6
Etomidate 0.2–0.3 < 30 5–10 2–4 2–5
Diazepam 0.3–0.6 45–60 15–30 10–15 20–40
Lorazepam 0.03–0.06 60–120 60–120 3–10 10–20
Midazolam 0.2–0.4 30–60 15–30 7–15 2–4
Ketamine 1–2 45–60 10–20 11–17 2–3

Adapted with permission from Dershwitz M, Rosow CE. Intravenous anesthetics. In: Longnecker DE, Brown
D, Newman M, Zapol WM, eds. Anesthesiology. 3rd ed. New York: McGraw-Hill; 2008.

The neuroprotective effect of thiopental occurs only if admin-
istered prior to an anticipated reduction of cerebral perfusion.
No benefit has been found if thiopental is given following the
onset of cerebral ischemia.

Progressively increasing doses of thiopental result in
changes in the electroencephalogram (EEG) from alpha and
betawaves to delta waves that are characteristic of surgical anes-
thesia. At higher doses, an isoelectric EEG may be attained,
a state characterized by significant decreases in cerebral oxy-
gen metabolism and blood flow. Thiopental’s anticonvulsant
properties make it useful in the treatment of status epilepticus,
although the cardiovascular and ventilatory effects may neces-
sitate mechanical ventilation and the use of vasopressors.

Methohexital, in contrast to thiopental, has some epilepto-
genic activity at lower doses, which makes its use less desirable
in patients with seizure disorders. This property is of benefit,
however, when trying to isolate epileptic foci in the brain during
surgical ablation. It is often used to induce anesthesia in patients
undergoing electroconvulsive therapy.

Cardiovascular effects
Induction doses of thiopental (4–7 mg/kg) may cause hypoten-
sion, although to a lesser degree than following induction
with propofol. Decreases in blood pressure and cardiac output
occur primarily though preload reduction due to venodilation
and secondarily through decreases in myocardial contractility

Table 34.2. CNS effects of IV anesthetic agents

Drug CMRO2 CBF CPP ICP

Thiopental – – – – ± – –
Methohexital – – – – ± – –
Propofol – – – – – –
Etomidate – – – – + – –
Benzodiazepines – ± 0 –
Ketamine + + + ± +
CMRO2, cerebral metabolic rate for oxygen; CBF, cerebral blood flow; CPP,
cerebral perfusion pressure; ICP, intracranial pressure.
Adapted with permission from Dershwitz M, Rosow CE. Intravenous anes-
thetics. In: Longnecker DE, Brown D, Newman M, Zapol WM, eds. Anesthesi-
ology. 3rd ed. New York: McGraw-Hill; 2008.

(Table 34.3). Decreases in blood pressure are usually accompa-
nied by reflex tachycardia.The hypotensionmay be exaggerated
in the elderly, in hypovolemic patients, or in those who have
been pretreated with opioids, benzodiazepines, or antihyper-
tensive medications. Thiopental also causes nonimmunologic
histamine release that also contributes to hypotension, but
histamine levels return to normal soon after thiopental
administration.

Ventilatory effects
Apnea is common following an induction dose of thiopental.
Lower doses cause ventilatory depression with decreases in
rate, tidal volume, and carbon dioxide responsiveness. Airway
responsiveness is increased more than with propofol. Bron-
chospasm and laryngospasm resulting from airway stimula-
tion occur more frequently because barbiturates do not depress
laryngeal or cough reflexes as much as propofol does.

Metabolism and elimination
The short period of unconsciousness following an induction
dose of thiopental is the result of redistribution. Repeated bolus
doses or a continuous infusion results in accumulation and a
longer period of unconsciousness following the last dose or ter-
mination of the infusion.

Table 34.3. Cardiovascular effects of IV anesthetic agents

Contractility Venous
Drug MAP HR CO dP/dt SVR dilation

Thiopental – + – – ± + +
Methohexital – ++ – – ± +
Propofol – – – – – – – + +
Etomidate 0 0 0 0 0 0
Diazepam 0/– ± 0 0 –/0 +
Midazolam 0/– ± 0/– 0 –/0 +
Ketamine + + ++ + ± ±a 0
a Change depends on concurrent sympathetic tone.
dP/dt, delta pressure/delta time; MAP, mean arterial pressure; HR, heart rate;
CO, cardiac output; SVR, systemic vascular resistance.
Adapted with permission from Dershwitz M, Rosow CE. Intravenous anes-
thetics. In: Longnecker DE, Brown D, Newman M, Zapol WM, eds. Anesthesi-
ology. 3rd ed. New York: McGraw-Hill; 2008.
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Thiopental is oxidatively metabolized by cytochrome P450
(CYP) to several metabolites. One of these metabolites results
from replacing the sulfur atom in the barbituric acid ring with
an oxygen atom, yielding the active metabolite pentobarbital.
Because pentobarbital has a longer duration of action than
thiopental, its presence as an active metabolite causes thiopen-
tal to appear longer acting than it actually is. These characteris-
tics make thiopental less ideal for maintenance of anesthesia or
sedation; therefore, it rarely is given by repeated bolus dosing
or by infusion.

Patients with liver disease generally maintain normal total
clearance of thiopental. This observation may be explained
by the opposing effects of decreased hepatic clearance and
decreased protein binding due to hypoalbuminemia. All bar-
biturates induce �-aminolevulinic acid (ALA) synthase, the ini-
tial enzyme in heme biosynthesis. Patients with certain types
of porphyria (acute intermittent porphyria, hereditary copro-
porphyria, variegate porphyria) are deficient in enzymes down-
stream from ALA synthase in the heme biosynthesis pathway.
Administration of barbiturates to such patients may result in
accumulation of ALA, which is neurotoxic. Barbiturates thus
are contraindicated in patients with these types of porphyria.

Thiopental and methohexital are supplied as sodium salts
in powdered form and are mixed with sterile water prior to
administration. Barbiturates may precipitate when dissolved
in an acidic solution such as lactated Ringer’s. If thiopental is
accidentally given by intraarterial injection, vasospasm, throm-
bosis, and tissue necrosis may occur. Treatment includes
vasodilator therapy with papaverine or nitroglycerin and anti-
coagulation with heparin.

Propofol
Propofol is the most commonly used induction agent because
its use is characterized by rapid return of consciousness with
minimal residual CNS effects (Table 34.1). It also has antiemetic
and amnestic properties at subhypnotic doses.

CNS effects
Like thiopental, propofol decreases CMRO2, CBF, and ICP
(Table 34.2). It has an anticonvulsant effect andmay be used for
treatment of status epilepticus. Although it has not been stud-
ied as extensively as thiopental for neuroprotection, it appears
to have a similar profile. Relative to thiopental, however, the
decreases in systemic blood pressure may be more significant
than decreases in ICP, potentially resulting in a greater reduc-
tion in cerebral perfusion pressure.

Cardiovascular effects
Propofol causes a greater decrease in systemic vascular resis-
tance than does thiopental, but it causes a similar decrease in
cardiac contractility (Table 34.3). By virtue of its inhibition of
the barostatic reflex and vagal stimulation, there is a smaller
increase in heart rate for a given decrease in blood pressure,

thereby exaggerating the hypotensive effect as compared with
thiopental. Elderly persons, patients with hypovolemia, and
patients with ventricular dysfunction aremore likely to become
hypotensive.

Ventilatory effects
Compared with thiopental, propofol causes diminished air-
way reactivity, decreasing the incidence of coughing or
laryngospasm. Induction doses result in apnea, and lower doses
cause decreases in tidal volume, minute ventilation, and carbon
dioxide responsiveness. Pretreatment with benzodiazepines or
opioidsmay augment the ventilatory depressant effect. Propofol
does not cause histamine release.

Metabolism and elimination
Propofol is short acting following an induction dose because of
its rapid redistribution. Compared with thiopental, it is metab-
olized more rapidly, not only by the liver, but by the kidney as
well. Even in the presence of liver and kidney disease, propofol
clearance is usually not significantly decreased. Propofol there-
fore is often given by infusion, and recovery is typically pre-
dictable (see Chapter 36). Propofol is approximately 98%bound
to plasma protein. Unlike thiopental, propofol is safe in patients
with porphyria.

In the United States, propofol is available as a 1% emul-
sion containing soybean oil, glycerol, and lecithin. Depend-
ing on the manufacturer, the bacteriostatic agent is EDTA,
metabisulfite, or benzyl alcohol. Different lipid preparations
are available in other countries, and some of them cause less
pain on injection. Aseptic technique is important when with-
drawing and administering propofol, and vials or syringes that
have been exposed to air should be discarded 6 hours after
exposure.

True allergy to propofol, if it exists, is exceedingly rare.
Although the emulsion contains soybean oil and egg lecithin,
it contains no soy protein or egg albumin. Therefore, persons
allergic to soy or egg protein can be given propofol safely. IV
administration of propofol often causes pain during the injec-
tion, especially if it is given via a small vein. The pain may be
minimized by choosing a larger vein for IV placement. Alterna-
tively, placing a tourniquet proximal to the IV catheter and then
preceding the administration of propofol with an IV injection
of lidocaine (0.5 mg/kg) may be effective in reducing this dis-
comfort. Accidental arterial administration of propofol may be
very painful but generally does not cause the potentially severe
consequences of thrombosis and tissue necrosis that often occur
with intraarterial injection of thiopental.

Etomidate
Etomidate, an imidazole derivative, is structurally differ-
ent from other induction agents. However, like thiopental
and propofol, it increases GABA activity. Induction doses
result in both rapid onset of anesthesia and rapid emergence
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(Table 34.1). In contrast to thiopental and propofol, it produces
only minimal changes in blood pressure and cardiac output.

CNS effects
Etomidate produces CNS effects similar to those of propofol
and thiopental. Etomidate decreases CMRO2, CBF, and ICP
(Table 34.2). Because etomidate reduces ICP while having lit-
tle effect on mean arterial pressure, it typically produces an
increase in cerebral perfusion pressure. Etomidate is an anti-
convulsant and may be used in treating status epilepticus. It
also may increase EEG activity in epileptogenic areas, a prop-
erty that makes it useful in locating seizure foci during brain
mapping surgery. Unlike other induction agents, which depress
somatosensory evoked potentials (SSEPs), etomidate increases
both the amplitude and latency of SSEPs. Following induction
of anesthesia with etomidate, there is increased incidence of
myoclonic jerking compared with thiopental or propofol.

Cardiovascular effects
Perhaps the greatest pharmacologic advantage of etomidate
is the hemodynamic stability that follows its administration.
Induction of anesthesia with etomidate, in contrast to propo-
fol or thiopental, results in minimal changes in blood pressure,
heart rate, or cardiac output because it has minimal effect on
cardiac contractility and vascular tone (Table 34.3). Etomidate
therefore may be the induction agent of choice in patients with
hypovolemia or significant ventricular dysfunction.

Ventilatory effects
Etomidate causes less ventilatory depression than propofol
and thiopental, but transient apnea still occurs with induction
doses. Opioids often are given in conjunction with etomidate to
minimize the sympathetic response to intubation.

Metabolism and elimination
Etomidate inhibits 11�-hydroxylase, the mitochondrial iso-
zyme of CYP responsible for the final reaction in the biosyn-
thesis of cortisol. Following a typical induction dose, cortisol
release from the adrenal gland is suppressed for about 12 hours.
Whether the short-term adrenal suppression that occurs with a
single dose of etomidate is of clinical significance remains con-
troversial. However, the adrenal suppression that occurs with
continuous infusions of etomidate may have significant adverse
consequences. Etomidate infusions given for several days have
been associatedwith increasedmortality in critically ill patients.

Etomidate is metabolized primarily via ester hydrolysis in
the liver to a water-soluble metabolite excreted in the urine.
Compared with thiopental and propofol, a slightly smaller frac-
tion of etomidate is bound to plasma proteins. Because etomi-
date has a high hepatic extraction ratio of about 0.7, decreased
hepatic blood flow will decrease its clearance. Because etomi-
date induces ALA synthase in rats, it should be used with cau-
tion in patients with porphyria.

Etomidate is supplied as a 0.2% solution in 35% propy-
lene glycol at neutral pH. Intravenous injection may be painful,

Table 34.4. Comparative clinical effects of IV anesthetic agents

Drug Advantages Disadvantages

Thiopental Rapid onset, rapid recovery
No pain on injection
↓ CMRO2, CBF, ICP

↑ Airway responsiveness
↓ BP, CO
↓ Ventilatory drive

Propofol Rapid onset, rapid recovery
↓ Airway resistance
↓ CMRO2, CBF, ICP
↓ Nausea and vomiting

Pain on injection
↓ BP, CO
↓ Ventilatory drive

Etomidate Minimal changes in BP, CO
Rapid onset, rapid recovery
↓ CMRO2, CBF, ICP

Adrenal suppression
Pain on injection
↑ Nausea and vomiting
↓ Ventilatory drive

Midazolam Anxiolysis, amnesia
Minimal changes in BP, CO
Minimal ventilatory

depression
Effects reversible with

flumazenil
↓ CMRO2, CBF, ICP
Effective by IM route

Longer duration than other
agents

Ketamine Minimal ventilatory
depression

Preservation of airway
reflexes

↑ HR, BP, CO
Effective by IM route

Emergence delirium
Longer duration than other
agents

↑ Ischemia risk in CAD

BP, blood pressure; CAD, coronary artery disease; CO, cardiac output; HR,
heart rate.

although much less than with propofol. Etomidate is the most
emetogenic of the intravenous induction agents. The combina-
tion of etomidate and an opioid may further promote its eme-
togenic effects. Therefore, antiemetic therapy is advisable with
its use. See Table 34.4 for more details.

Benzodiazepines
Diazepam, lorazepam, and midazolam have properties that
differentiate them from other induction agents. They are
used most commonly for premedication to produce sedation,
anxiolysis, and anterograde amnesia, accompanied by minimal
ventilatory depression, prior to induction. Although they act
primarily by augmenting the inhibitory effects of GABA, they
do so via a mechanism distinct from that of other induction
agents. They bind to a specific benzodiazepine receptor located
near the GABA receptor and increase the affinity of the GABA
receptor for GABA. Midazolam and diazepam occasionally are
used for induction of anesthesia because of their rapid onset fol-
lowing IV administration; however, emergence is delayed com-
pared with that following thiopental, propofol, or etomidate
administration (Table 34.1).

CNS effects
Benzodiazepines decrease CMRO2, CBF, and ICP, although
more modestly than thiopental, propofol, or etomidate (Table
34.2). Benzodiazepines are excellent anticonvulsants and may
be used to treat status epilepticus. Even following very large
doses, benzodiazepines do not cause burst suppression on the
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EEG, and cannot cause an isoelectric EEG. Benzodiazepines
produce anterograde amnesia at doses that may be only min-
imally sedating. In most patients, this is a desirable effect. They
also cause skeletal muscle relaxation, an effect probably medi-
ated by agonism at the glycine receptor.

Many patients take benzodiazepines chronically for man-
agement of anxiety disorders. Such patients develop toler-
ance with continued use, that may result in cross-tolerance to
thiopental, propofol, or etomidate. The development of cross-
tolerance leads to an increased dose requirement for these
induction agents, as well as to benzodiazepines, administered
in the perioperative period.

Cardiovascular effects
Benzodiazepines produce minimal depression of the cardio-
vascular system in normovolemic patients. They cause a mild
decrease in blood pressure secondary to decreased systemic
vascular resistance (Table 34.3). Myocardial contractility is
relatively unaffected. The decrease in preload and afterload
resulting from induction with a benzodiazepine makes them
reasonable choices for induction in patients with heart failure.
Benzodiazepinesmay cause a significant decrease in blood pres-
sure in patients with hypertension due to anxiety.

Ventilatory effects
When used alone in sedating doses, benzodiazepines cause
minimal ventilatory depression. However, when given in com-
bination with opioids, benzodiazepines act synergistically to
produce sedation and ventilatory depression. When used in
higher doses (e.g., for induction of anesthesia), benzodiazepines
may cause transient apnea.

Metabolism and elimination
Allergy to benzodiazepines is rare. They also generally do not
cause nausea or vomiting. In contrast to diazepam and loraze-
pam, which cause pain on injection because of their propy-
lene glycol solvent, midazolam is relatively painless when
given intravenously owing to its water solubility. Benzodi-
azepines may be given orally, although the extensive first-pass
metabolism of midazolam requires that high doses be given.
Midazolam (along with ketamine) is one of the few induction
agents that may be given intramuscularly, resulting in reliable
absorption into the circulation.

Midazolam, diazepam, and lorazepam are metabolized by
the liver. Because a high fraction of diazepam and lorazepam
is bound to protein, these agents are cleared by the liver more
slowly. Metabolism of midazolam results in a metabolite with
only minimal activity, and it is rapidly conjugated to glucuronic
acid and excreted. Lorazepam is metabolized to an inactive
metabolite. Diazepam is metabolized to several active metabo-
lites, including nordazepam that has a long half-life (100 hours),
and oxazepam. Unless these medications are given by multiple
repeated bolus doses or by a prolonged infusion, termination
of the drug effect is the result of redistribution. When given
by infusion,midazolam has a longer context-sensitive half-time

than thiopental or propofol (see Chapter 36). Patients with por-
phyria generally should avoid benzodiazepines, as someof these
agents were found to induce ALA synthase in rats.

Benzodiazepines are the only induction agents for which
there is a specific antagonist: flumazenil. Therefore, it is possi-
ble, although not always advisable, to reverse the CNS effects of
a benzodiazepine by administering flumazenil. Flumazenil is an
antagonist at the benzodiazepine receptor. The relative concen-
trations of benzodiazepine and flumazenil determine the over-
all level of pharmacologic effect. Some studies found flumazenil
to have inverse agonist activity, meaning it produces an effect
opposite that of the agonist. Thus, flumazenil may cause anxi-
ety and panic if given alone. Patients on chronic benzodiazepine
therapywho are given flumazenilmay have symptoms and signs
of acute withdrawal, including seizures.

Reversal of benzodiazepine effects with flumazenil should
be donewith caution, not only because of the adverse effects that
may occur, but because flumazenil is much shorter acting than
the benzodiazepines whose effects it may be used to reverse.
Thus, repeated dosing may be necessary to maintain benzodi-
azepine antagonism. Flumazenil does not reliably reverse the
ventilatory depression caused by benzodiazepines, and ventila-
tory support may be required in patients receiving flumazenil
to treat a large overdose of benzodiazepine. If opioids also were
administered with the benzodiazepine, then naloxone may be
needed to reverse the ventilatory depression.

Ketamine
Ketamine, unlike other induction agents, acts primarily by
NMDA receptor antagonism as opposed to GABA potentia-
tion. It is structurally related to phencyclidine. It is supplied as
a racemic mixture, and the S-isomer produces more analgesia,
less delirium, and shorter emergence times than the R-isomer.

Anesthesia with ketamine is markedly different from that of
other agents. It produces a cataleptic state, often termed “disso-
ciative anesthesia,” typically characterized by signs consistent
with continued consciousness. Patients given ketamine may
have open eyes and nystagmus; they may move and vocalize,
yet they do not respond to stimuli, cannot communicate, and
have no recollection of events. They may report vivid dreams,
hallucinations, or dysphoria postoperatively. These effects may
be mitigated by the concurrent administration of propofol or a
benzodiazepine.

Ketamine produces profound analgesia that typically
persists into the postoperative period. Its ability to produce
amnesia and analgesia in the presence of minimal ventilatory
depression makes it a useful analgesic when trying to maintain
spontaneous ventilation while managing pain.

CNS effects
In contrast to the other induction agents, ketamine increases
CMRO2, CBF, and ICP (Table 34.2). Thus, ketamine generally
is not used in patients with increased ICP, intracranial lesions,
or recent head trauma. The EEG changes caused by ketamine
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are quite different from those of the other induction agents.
Therefore, monitors of anesthesia depth that rely on process-
ing the EEG signal, such as the bispectral index (BIS) monitor,
do reliably indicate the depth of ketamine-induced anesthesia.
Like etomidate, ketamine is associated with a high risk of post-
operative nausea and vomiting.

Cardiovascular effects
Ketamine is the only induction agent that causes cardiovas-
cular stimulation through centrally mediated increased sym-
pathetic tone and increased release of adrenal catecholamines.
Patients experience a transient increase in heart rate, systemic
vascular resistance, pulmonary artery pressure, and cardiac out-
put (Table 34.3). These effects may be beneficial in maintaining
hemodynamic stability in a hypovolemic patient or in a patient
with reduced ventricular function.These same properties make
ketamine a poor choice in patients with coronary artery dis-
ease or poorly controlled hypertension, because the increase in
myocardial oxygen demand may exceed the increase in oxygen
delivery, causing ischemia. Although the cardiovascular effects
of ketamine are indirect, ketaminemay cause direct myocardial
depression in patients whose sympathetic tone is maximal.

Ventilatory effects
Ketamine does not cause significant ventilatory depression
when given to healthy patients or thosewith chronic obstructive
pulmonary disease. Ketamine causes bronchodilation, mak-
ing it useful for induction in patients prone to bronchospasm.
However, it depresses airway reflexes to a lesser degree than
other induction agents. Nevertheless, aspiration is still a risk in
patients anesthetized with ketamine and not intubated. Laryn-
gospasm may occur during light anesthesia with ketamine as
it causes an increase in salivary, tracheal, and bronchial secre-
tions. Pretreatment with an antisialagogue (e.g., glycopyrrolate)
is generally recommended.

Metabolism and elimination
Ketamine may be given intravenously or intramuscularly. Like
midazolam, it is reliably absorbed following intramuscular
injection. Ketamine undergoes high first-pass metabolism fol-
lowing oral administration, although it is sometimes given
orally in children.

In contrast to induction of general anesthesia with thiopen-
tal, propofol, or etomidate, unconsciousness following IV
induction with ketamine may last up to a half hour, and it
may take much longer for the patient to become fully ori-
ented (Table 34.1). Upon emergence from anesthesia following
ketamine administration, patients may experience “emergence
delirium,” characterized by confusion, impaired short-term
memory, auditory and visual hallucinations, or even night-
mares. Concurrent administration of propofol or a benzo-
diazepine may decrease the incidence and severity of these
adverse effects.

The prolonged effect of ketamine is partly a result of its
metabolism by CYP to norketamine, an active metabolite with
approximately one-fourth the potency of ketamine. After nor-
ketamine is hydroxylated and conjugated, forming a water-
soluble metabolite, it is renally excreted. Because ketamine has
a high hepatic extraction ratio of about 0.8, decreased hepatic
blood flow will decrease its clearance. Ketamine is generally
considered safe in patients with porphyria.
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Chapter

35 Mechanisms of anesthetic actions
Ken Solt and Douglas E. Raines

General anesthetics are structurally diverse (Fig. 35.1). Drugs
with anesthetic activity include noble gases, alkanes, alcohols,
ethers, and other structurally unrelated compounds. To account
for this diversity, early theories regarding general anesthetic
action were heavily influenced by the notion that all anesthetics
act by a common mechanism.

Lipid theories of anesthetic action
At the end of the 19th century, Meyer and Overton indepen-
dently reported a strong correlation between the potencies of
general anesthetics and their lipid solubilities (Fig. 35.2a).Their
observations suggested that all anesthetics produce their behav-
ioral effects in the same manner, by interacting nonspecifically
with lipid components of neuronal cell membranes. Although
the details were vague regarding how these interactions led to
specific anesthetic effects, the Meyer-Overton correlation and
lipid theories of anesthetic mechanisms dominated thinking in
the field for many years.

Evidence has accumulated over the past several decades,
however, that argues against lipids as anesthetic targets. First,
anesthetic-induced changes in lipid properties (i.e., fluidity)
are mimicked by small changes in temperature that do not
alter behavior in animals. Second, anesthetics act stereoselec-
tively to produce anesthesia, a characteristic generally asso-
ciated with specific interactions with protein targets. For
example, the R-+ enantiomer of etomidate is more than an
order of magnitude more potent than the S-enantiomer. Sim-
ilarly, optical isomers of isoflurane possess different anesthetic
potencies, although the magnitude of this difference is rela-
tively small. Third, there is a “cutoff” in anesthetic potency
in homologous anesthetic compounds. Anesthetic cutoff is the
phenomenon in which the anesthetic potencies of homolo-
gous compounds increase with anesthetic size until a cutoff
point is reached, after which anesthetic activity either no longer
increases or disappears completely. This is best illustrated with
straight-chain alcohols (e.g., methanol, ethanol, n-propanol, n-
butanol) in which anesthetic potency increases with alkyl chain
length up to n-dodecanol, but longer alcohols are devoid of
anesthetic activity. Fourth, some volatile compounds (e.g., di-
[2,2,2,-trifluoroethyl]ether) possess no anesthetic activity even
though they are highly lipid soluble and therefore are predicted
by the Meyer-Overton correlation to be potent anesthetics.

These compounds, termed nonimmobilizers, typically produce
convulsions when given at partial pressures predicted to pro-
duce anesthesia.

A series of experiments by Franks and Lieb in the 1980s
demonstrated that anesthetic inhibition of firefly luciferase, a
water-soluble protein in a lipid-free system, obeys the Meyer-
Overton correlation (Fig. 35.2b).Thiswork ledmost researchers
to abandon lipid theories and agree that proteins are the likely
targets of general anesthetics. Recent work has focused largely
on identifying the specific proteins involved in producing anes-
thetic effects.

Ion channels in the central nervous system
Anesthetics have been shown to bind to a diverse range of pro-
teins, but ion channels in the central nervous system (CNS)
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from Figure 3 in Franks NP. Molecular targets underlying general anesthesia. Br J Pharmacol 2006; 147:S72–S81.)

are considered to be among the most likely targets that
mediate the behavioral effects of these drugs. In particular,
neurotransmitter-gated ion channels that regulate synaptic
transmission are thought to play important roles; among these,
� -aminobutyric acid (GABA) receptors have been studiedmost
extensively.

The GABA type A (GABAA) receptor belongs to a family of
neurotransmitter-gated ion channels that include the nicotinic
acetylcholine, serotonin type 3 (5-HT3), and glycine receptors.
GABAA receptors are themost abundantly expressed inhibitory
receptors in the brain. Binding of GABA to these receptors
causes opening of a chloride-selective ion channel andhyperpo-
larization of the neuronal membrane. Many inhaled and intra-
venous anesthetics have been shown to enhance the activity of
GABAA receptors, leading to an increase in inhibitory neuro-
transmission in the CNS.

Propofol and etomidate
Although many anesthetic-sensitive ion channels, such as
GABAA receptors have been identified, it is difficult to prove
from in vitro data whether a specific target is responsible for a
drug’s behavioral effects. Recent advances in genetic engineer-
ing have provided a powerful new tool for testing the relevance
of putative anesthetic targets, and genetic approaches have been
particularly successful in elucidating the mechanisms underly-
ing the actions of propofol and etomidate.

Electrophysiologic studies have demonstrated that a sin-
gle amino acid substitution in the �3 subunit of the GABAA

receptor renders the entire receptor insensitive to the enhanc-
ing effects of propofol and etomidate. When this point muta-
tion was introduced in mice to produce “knock-in” animals,
the mutants were highly resistant to the hypnosis, immobility,
and respiratory depression produced by these anesthetics. This
result indicates that GABAA receptors containing �3 subunits
play a critical role inmediating important CNS effects of propo-
fol and etomidate.

Ketamine, nitrous oxide, cyclopropane,
and xenon
Unlike propofol and etomidate, ketamine, nitrous oxide, cyclo-
propane and xenon have little or no effect on GABAA receptors.
However all these drugs are potent inhibitors of N-methyl-d-
aspartate (NMDA) receptors. NMDA receptors are a subtype of
glutamate receptors, which are the most widely expressed exci-
tatory receptors in the brain. Unlike inhibitory GABAA recep-
tors, glutamate receptors cause neuronal depolarization upon
glutamate binding. NMDA receptors have received the most
attention among the glutamate receptor subtypes, as they play
important roles in learning andmemory as well as nociception.
Anesthetic-induced inhibition of NMDA receptors may pro-
duce behavioral effects by decreasing excitatory neurotransmis-
sion in the CNS.

In addition to inhibiting glutamate receptors, ketamine and
nitrous oxide inhibit neuronal nicotinic acetylcholine recep-
tors, which are also important excitatory receptors in the
CNS. TREK-1, a tandem-pore K+ channel widely expressed
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in the CNS, also is activated by nitrous oxide, xenon, and
cyclopropane, leading to neuronal hyperpolarization. Although
ketamine, nitrous oxide, cyclopropane, and xenon all appear to
produce their behavioral effects by similar mechanisms, the rel-
evance of their proposed targets has yet to be elucidated.

Halogenated volatile anesthetics
Halogenated alkanes (e.g., chloroform, halothane) and ethers
(e.g., isoflurane, sevoflurane, desflurane) exhibit the least
selectivity for putative anesthetic target proteins. Targets
sensitive to halogenated volatile anesthetics include GABAA
receptors, glutamate receptors, tandem-pore K+ channels,
neuronal nicotinic acetylcholine receptors, 5-HT3 receptors,
mitochondrial adenosine triphosphate–sensitive K+ channels,
andHCN(hyperpolarization-activated cyclic nucleotide-gated)
channels, among others. Effects on some targets may be impor-
tant in mediating anesthetic side effects such as nausea and
vomiting, whereas others may lead to potentially beneficial
effects, such as ischemic preconditioning. So far, genetic meth-
ods to identify targets relevant to immobility have produced
only modest results for these anesthetics, suggesting that many
molecular targets may contribute to their behavioral effects.

Anatomic sites of anesthetic actions
General anesthetics have myriad reversible effects on the CNS,
including sedation, excitation, confusion, amnesia, eupho-
ria, hypnosis, and immobility. Although most scientists had
assumed that the brain was responsible for mediating all the

CNS effects of general anesthetics, a series of animal studies
conclusively demonstrated that anesthetic-induced immobility
in response to noxious stimuli is the result of of an effect on the
spinal cord, not the brain.Therefore, even a single anatomic site
cannot account for all the CNS effects of general anesthetics.

Summary
Although early theories focused on a single, lipid-based mech-
anism of anesthetic action, it has become evident that multiple
sites and mechanisms likely are responsible for the behavioral
effects of general anesthetics. Furthermore, the sites and mech-
anisms likely are different depending on the anesthetic. As we
continue to learnmore about howgeneral anesthetics act to pro-
duce their desirable and undesirable effects, the design of safer
drugs with improved therapeutic indices may be attainable.
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Chapter

36 Pharmacokinetics of intravenous agents
Lisbeth Lopez Pappas and Mark Dershwitz

Pharmacokinetics is the study of “what the body does to the
drug,” whereas pharmacodynamics is the study of “what the
drug does to the body.”This chapter considers the pharmacoki-
netics of anesthetic drugs given by the intravenous route. Age
and certain diseases (e.g., heart failure, liver failure, renal fail-
ure) may require adjustments from the typical doses of a drug.
An understanding of pharmacokinetic parameters, which may
be altered by certain disease states, provides a rational approach
to drug and dosage selection.These parameters include the vol-
ume of distribution (Vd), drug clearance (CL), and drug half-
life (t1/2 ).

Pharmacokinetic parameters
Drug distribution
The injection of a medication intravenously provides complete
absorption, with a rapid and predictable rise in the drug con-
centration in the plasma. From the systemic circulation, drugs
rapidly distribute to highly perfused organs such as the brain,
heart, lungs, liver, and kidneys. This vessel-rich group accounts
for about 10% of total body mass, yet it receives about 75% of
the cardiac output. Factors that influence drug distribution and
tissue uptake include lipid solubility, ionization, and protein
binding.

For drugs that are lipid soluble, nonionized, and unbound
to protein, the concentration gradient will dictate the degree
and direction of transfer. A tissue’s capacity to function as a
drug reservoir depends greatly on the drug’s solubility in that
tissue, its binding to macromolecules, and tissue pH. Satura-
tion of these stores, as may occur with repeated or large initial
doses of the drug, results in a prolonged duration of action.This
effect might convert an apparently “short-acting” drug such as
thiopental or fentanyl into one that actually has a long dura-
tion of action. As the drug’s concentration in the circulation
falls with respect to that in highly perfused tissues (e.g., brain),
redistribution of drug to less perfused tissues (e.g., muscle, fat)
occurs. This process accounts for the “short” duration of action
of medications such as propofol and sufentanil.

Ionization
The degree of ionization is determined by the drug’s pKa (dis-
sociation constant) and the pH of the liquid in which it is

dissolved. The pKa is the pH at which 50% of the drug exists in
the ionized form and 50% in the nonionized form. Small varia-
tions in pHmay have significant effects on the ratio of ionized to
nonionized drug. Nonionized molecules typically have greater
lipid solubility.Most clinically usedmedications are either weak
acids or weak bases and therefore exist in both ionized and non-
ionized forms. At a low (acidic) pH, weak acids (e.g., barbitu-
rates) become uncharged and more lipid soluble whereas weak
bases (e.g., local anesthetics, opioids) become charged andmore
water soluble.

Protein binding
Drug disposition is significantly affected by the degree of pro-
tein binding. Factors that determine the extent of protein bind-
ing include the concentrations of both the drug and the protein
to which it binds, the affinity of the drug for the protein, and the
number of available protein binding sites. In general, the bind-
ing of drugs to proteins is reversible and involves hydrophobic
or ionic interactions.The ability of a drug to bind to proteins in
the circulation or within a tissue affects the drug concentration
in that compartment. In general, drugswith high lipid solubility
also have greater protein binding.

In the circulation, acidic drugs (e.g., barbiturates) tend to
bind to albumin, whereas basic drugs (e.g., opioids) tend to bind
to �1-acid glycoprotein (AAG), an acute-phase reactant that
increases with physiologic stresses such as surgery and trauma.
It is the free (i.e., unbound) fraction of a drug that largely con-
tributes to the pharmacologic effect. For drugs with negligible
protein binding (i.e., free fraction ≈ 1), there is no relationship
between changes in protein concentration and changes in the
free fraction of drug. However, for drugs that approach 100%
protein binding (i.e., free fraction ≈ 0), there is an inverse rela-
tionship between the change in protein concentration and the
change in the free fraction of drug in the plasma. For example, a
small decrease in the binding capacity (e.g., from98% to 96%) of
diazepam, a highly protein-bound drug, doubles the free frac-
tion of drug in the circulation.

Factors that affect protein binding include age, liver disease,
kidney disease, and physiologic stress or trauma. Both kidney
and liver disease can produce a quantitative as well as qualita-
tive change in the binding of drugs to proteins. Protein bind-
ing also may be altered by changes in tissue pH (e.g., acidosis,
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alkalosis) and the presence of other drugs or endogenous com-
pounds (e.g., bilirubin) that can compete for protein binding
sites. Only unbound drug equilibrates between the circulation
and tissues and ultimately undergoes metabolism and elimina-
tion. With reduced protein binding (e.g., hypoalbuminemia),
the increased free fraction of drug produces a larger gradient
between the circulation and peripheral tissues; as a result, equi-
librium is achieved at a lower drug concentration in the circula-
tion. In addition, the concentration of drug at the site of action
increases (i.e., increased apparent potency), which translates to
a lower required dose.

Elimination
Elimination includes the processes of metabolism and excre-
tion. The primary organ involved in drug metabolism is the
liver via hepatic microsomal enzymes (e.g., cytochrome P450
[CYP]). Microsomal enzymes are induced by many drugs
(e.g., barbiturates, rifampin, phenytoin) and inhibited by oth-
ers (e.g., cimetidine, azole antifungal agents, macrolide antibi-
otics, antiretroviral protease inhibitors).The biotransformation
of drugs involves phase I and/or phase II reactions. Phase I
reactions include oxidation, reduction, and hydrolysis, whereas
phase II reactions involve conjugation to moieties such as glu-
curonic acid or sulfate. The overall effect is to convert lipid-
soluble drugs to water-soluble metabolites that are more easily
excreted in urine and bile.

Factors that affect hepatic drug metabolism include hepatic
blood flow and the intrinsic capacity of the liver to metabolize
the drug. The fraction of unbound drug cleared by the liver is
known as the hepatic extraction ratio (ER). Hepatic clearance is
calculated by the following equation:

CL = Q × ER,

where Q is the hepatic blood flow.
For drugs that have a high hepatic extraction ratio (ER �

0.9), drug clearance is affected primarily by hepatic blood flow
(perfusion-dependent metabolism), whereas drugs that have a
low extraction ratio (ER � 0.2) are minimally affected by hep-
atic blood flow and greatly affected by the metabolic capac-
ity of the liver (capacity-dependent elimination). For example,
propofol (ER ≈ 1), shows a linear relationship between drug
clearance and hepatic blood flow, whereas alfentanil (ER≈ 0.1)
demonstrates a linear relationship between drug clearance and
the intrinsic metabolic capacity of the liver. Alfentanil therefore
is much more likely than propofol to participate in drug inter-
actions due to induction or inhibition of CYP.

In general, biotransformation of drugs by the liver results
in metabolites that are less pharmacologically active. There are
exceptions, however, such as codeine and morphine, and vari-
ations in the extent of hepatic metabolism may cause clini-
cally significant differences in the drug’s effects. For example,
codeine is metabolized to morphine by CYP2D6, which
exhibits a greater degree of genetic polymorphism than any
other isozyme of CYP. Morphine is metabolized further to

morphine-6-glucuronide, an active metabolite with greater
potency than morphine. These metabolites are responsible for
the analgesic effects of codeine. Patients with nonfunctional
versions of CYP2D6 (about 10% of persons of western Euro-
pean descent) experience no analgesic effect from codeine,
whereas patients with CYP2D6 gene duplication or amplifica-
tion demonstrate ultrarapid codeine metabolism and an exag-
gerated opioid effect.

Some drugs undergo extrahepatic metabolism. For exam-
ple, certain tissues are rich in esterases, and several impor-
tant medications undergo extrahepatic hydrolysis, including
succinylcholine (plasma), remifentanil (skeletal muscle), and
esmolol (red blood cells). The overall clearance of propofol
significantly exceeds hepatic blood flow because of substan-
tial metabolism in the kidney. In addition, other drugs (e.g.,
atracurium, cisatracurium) undergo nonenzymatic Michael
(occasionally referred to as Hofmann) elimination in the circu-
lation at physiologic pH and temperature.This reaction is inde-
pendent of disease or genetic variations.

The clearance of water-soluble metabolites or drugs that do
not undergometabolismoccurs primarily in the kidney, and the
clearance is correlated with creatinine concentration or creati-
nine clearance. Excretion of drugs by the kidney involves both
glomerular filtration and tubular secretion. The glomerular fil-
tration rate, protein binding, lipid solubility, and urine pH can
influence the rate and extent of renal clearance. Alkalinization
of the urine can enhance the renal excretion of weak acids such
as glucuronides by shifting the fraction of drug in the ionized
form so that tubular reabsorption occurs to a lesser degree.

Pharmacokinetic models
The first fundamental pharmacokinetic parameter, the volume
of distribution (Vd), represents the volume into which a drug
appears to be diluted. It is calculated by the following formula:

Vd = Dose
Concentration

.

The classic yet simplest one-compartment pharmacokinetic
model has served as the basis for calculating dosage regimens
(Fig. 36.1). Applying this model to the lipid-soluble drugs
used in anesthesia (e.g., hypnotics, opioids) results in huge
deviations from physiologic behavior. A multicompartmen-
tal model involves more complex mathematic equations but
is better suited to predicting the behavior of most anesthetic
medications.

Drug administration

Volume of
distribution (V)

k

Figure 36.1. The one-compartment phar-
macokinetic model. Clearance equals k × V.
(Redrawn with permission from Figure 52-13
in Shafer SL. Principles of pharmacokinetics
and pharmacodynamics. In Principles and
Practice of Anesthesiology. 2nd ed. St. Louis:
Mosby; 1998.
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Figure 36.2. The three-compartment pharmacokinetic model. Drug
is administered into a central compartment from which it is cleared by
metabolism and/or elimination. Drug rapidly distributes into a peripheral
compartment, and this compartment reaches equilibrium with the central
compartment quickly. Drug distributes more slowly into a third compartment.
The volume of distribution at steady state, Vd, equals V1 + V2 + V3. Redrawn
with permission from Figure 52-16 in Shafer SL. Principles of pharmacokinetics
and pharmacodynamics. In Principles and Practice of Anesthesiology. 2nd ed.
St. Louis: Mosby; 1998.

The three-compartment pharmacokinetic model divides
the body into theoretic volumes from which pharmacokinetic
parameters are derived (Fig. 36.2). The initial volume into
which a drug is introduced is referred to as the central vol-
ume of distribution, V1, and represents some fraction of the
circulating volume. Two peripheral compartments, one rep-
resenting rapidly equilibrating tissues (V2) and the other the
slowly equilibrating tissues (V3), are linked to the central com-
partment. Drug transfer from one compartment to another is
known as intercompartmental clearance and is represented by
a rate constant, k. Drug transfer directly out of the central com-
partment is known as central clearance, k10. The distribution of
drug throughout the body results in the ultimate equilibration
of drug throughout all body tissues, also known as steady state.
In this situation, the volume of distribution at steady state, Vdss,
includes the central as well as the peripheral compartments and
can be calculated as follows:

Vdss= V1 + V2 + V3 =X
C

,

where X is the dose of drug administered and C is the drug con-
centration in the plasma at steady state.

Anesthetic drug distribution is typically extensive and
reflects the properties of the drug (e.g., solubility, protein bind-
ing) as well as the composition of a given compartment (e.g.,
protein vs. fat, water content). In general, drugs that are lipid
soluble undergo extensive distribution out of the central com-
partment and have large volumes of distribution (e.g., propo-
fol, diazepam). Conversely, drugs that are water soluble tend to
distribute to body water and thus have smaller volumes of dis-
tribution (e.g., vecuronium, epinephrine). The volume of dis-
tribution of lipid-soluble drugs often greatly exceeds the total
volume of the body and thus cannot be correlated with actual
anatomic volumes (e.g., Vd for propofol ≈ 5000 L).

The second fundamental pharmacokinetic parameter is
clearance (CL). It refers to the portion of the volume of dis-
tribution from which a drug appears to be removed during a

Table 36.1. Drug concentration as a function of half-lives

Elapsed half-lives, Original concentration
n remaining,%

1 50
2 25
3 12.5
4 6.25
5 3.125
6 1.5625

given period. From the one-compartment model, the relation-
ship between clearance and volume of distribution is:

CL = k × Vd,

where k is the rate constant.
In the one-compartment model, the half-life (t1/2 ) is defined

as the time it takes drug concentration to decrease by 50%.The
half-life is related to the rate constant, k, according to the fol-
lowing equation:

t1/2 = ln 2
k

= 0.693
k

.

As each half-life elapses, the drug concentration decreases to
50% of its previous value.Thus, the decrease in drug concentra-
tion as a function of the number of half-lives that have elapsed
is shown in Table 36.1.

The rate at which the central compartment drug con-
centration decreases depends on clearance (primarily hepatic
metabolism) as well as on the distribution of drug out of the
central compartment into the peripheral compartments, also
known as the intercompartmental clearances. The intercom-
partmental clearances reflect blood flow to the peripheral tis-
sues as well as the properties of the drug itself (e.g., lipid
solubility).

The three-compartment model is necessary to approximate
the pharmacokinetic behavior of the lipid-soluble intravenous
anesthetic agents. A graphic depiction of drug concentration as
a function of time following an intravenous bolus injection of
10mg of morphine is shown in Fig. 36.3.The shape of the curve
is characterized by three phases. The first phase lasts about 6
minutes and has a half-life of 1 minute. It is characterized by
a steep decrease in the plasma concentration of morphine, pri-
marily as a result of drug distribution from the central com-
partment to the rapidly equilibrating compartment.The second
phase lasts about 50 minutes and has a half-life of 8 minutes. It
is characterized by a more gradual decrease in the plasma drug
concentration and results primarily from drug distribution into
the slowly equilibrating compartment. The third, or terminal,
phase has a half-life of 96 minutes, is characterized by a much
slower decrease in plasma drug concentration, and results from
the metabolism and renal elimination of morphine as well
as the return of morphine from both peripheral compartments
to the central compartment.
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Figure 36.3. The plasma concentration of morphine as a function of time
following a 10-mg bolus dose. The three phases of the disappearance curve
have half-lives of 1 minute, 8 minutes, and 96 minutes, respectively. Redrawn
with permission from Figure 5 in Dershwitz M, Walsh JL, Morishige RJ,
et al. Pharmacokinetics and pharmacodynamics of inhaled versus intravenous
morphine in healthy volunteers. Anesthesiology 2000; 93:619–628.

Theplasma drug concentration as a function of time follow-
ing the administration of the intravenous bolus, Conc(t), can be
calculated as follows:

Conc(t) = Ae−�t + Be−�t + Ce−� t,

where t is the time following the bolus; A, B, and C are frac-
tional coefficients; and �, �, and � are rate constants. The first,
second, and third exponential terms in the equation correspond
to the rapid, intermediate, and slow phases of the disappearance
curve shown inFig. 36.3, respectively.The fractional coefficients
describe the importance of each of the three phases in the over-
all disappearance of the drug.

The rate constants used in the three-compartmentmodel are
related to the half-lives of each of the three phases:

t1/2� = ln 2
�

t1/2� = ln 2
�

t1/2� = ln 2
�

.

For all practical purposes, a pharmacokinetic process may
be considered complete after five half-lives have elapsed
(although it should be apparent that such a process is never
complete in a mathematic sense).

The use of half-lives as the basis for drug dosing may be
misleading. Although the terminal half-lives of most of the
commonly used intravenous anesthetics are quite long (e.g.,
propofol ≈ 5 hours, sufentanil ≈ 9 hours), recovery from a
bolus dose of a lipophilic drug can occur in minutes because
of its rapid redistribution. When intravenous anesthetics are
administered by infusion, redistribution continues to play a sig-
nificant role in the termination of the drug’s effect.

Intravenous anesthetics have become widely used in the
practice of anesthesia. It is intuitive that when a volatile agent is

used formaintenance of general anesthesia, the longer the dura-
tion of administration the longer it will take to eliminate the
agent to permit the patient to awaken. Analogously, the longer
the duration of intravenous drug infusion, the longer the time
required for emergence from anesthesia. However, the terminal
half-life cannot be used to predict the decline in drug concen-
tration in the central compartment.

Although intravenous anesthetics have been in clinical use
since the 1940s, it was not until the 1990s that quantitative
methods were introduced to permit the clinician to predict
accurately the amount of time required for emergence follow-
ing the intravenous infusion of an anesthetic drug. This con-
cept, called the context-sensitive half-time (CSHT), describes the
time required for the central compartment drug concentration
to fall by 50% as a function of the duration of the infusion. The
term context refers to the duration of an infusion designed to
maintain a constant central compartment drug concentration.
It has been demonstrated that the CSHTs of commonly used
anesthetic drugs are substantially shorter than their respective
terminal half-lives.

As expected, the time to recovery (i.e., awakening) after the
termination of a continuous intravenous infusion depends on
the drug concentration in the central and peripheral compart-
ments at the time the infusion is discontinued. At the end of
a short infusion, there remains a large concentration gradient
between the central and peripheral compartments, and the drug
concentration in the central compartment will decrease rapidly.
In contrast, at the end of a long infusion, both the rapidly and
the slowly equilibrating compartments may approach steady
state with the central compartment; therefore, the decline in
the central compartment drug concentration will occur more
slowly.

The CSHTs for five common intravenous anesthetics as a
function of infusion duration are illustrated in Fig. 36.4. From
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Figure 36.4. The context-sensitive half-times for midazolam, alfentanil,
sufentanil, propofol, and remifentanil as a function of infusion duration. The
simulations were performed using the program RECOV, written by Steven
Shafer.
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this graph, it is apparent that the choice of anesthetic to be given
by a continuous intravenous infusion can be made based on
the anticipated duration of the surgical procedure. As shown in
the figure, midazolam has a CSHT of about 120 minutes after
a 2-hour infusion; thus, it would not be a good choice for a
hypnotic agent when rapid emergence is desired. Alfentanil, an
opioid with a short terminal half-life that often is used in brief
procedures, is not short actingwhen given by a continuous infu-
sion. Although alfentanil has shorter distribution and termi-
nal half-lives than sufentanil, recovery following a sufentanil
infusion is much more rapid than that with alfentanil for infu-
sions less than 9 hours. Sufentanil and propofol display similar
curves, suggesting that these anesthetic agents may be discon-
tinued simultaneously in the course of an anesthetic.TheCSHT
of remifentanil remains constant at about 4 minutes, regardless
of the duration of the infusion. This is because metabolic clear-
ance of remifentanil is so much greater than its intercompart-
mental clearances that accumulation of remifentanil does not
occur, even after prolonged infusions. Because there is no accu-
mulation, a remifentanil infusion may be discontinued at the
very end of surgery.

Effects of coexisting diseases
Effects of hepatic disease
Hepatic drug clearance involves numerous metabolic pathways
and liver disease effects, each to a different degree. Typically
liver disease affects hepatic phase I reactions to a greater degree
than hepatic phase II reactions. Currently, there is no clinically
available laboratory test that predicts the degree of impairment
of metabolic reactions (although such tests are commonly used
in research protocols).

In chronic liver disease (e.g., cirrhosis), decreased hepatic
blood flow, altered enzyme activity, and reduced protein synthe-
sis may coexist and result in altered pharmacokinetic behavior
and drug disposition. The severity of disease, as well as drug
characteristics (e.g., protein binding, hepatic extraction ratio),
will affect the pharmacokinetic alterations.

Metabolism of drugs with a low hepatic extraction ratio
(e.g., alfentanil) depends on liver function and not on hepatic
blood flow. Clearance of these drugs may be severely impaired
in the setting of end-stage liver disease, in which the enzyme
capacity of the liver is limited. In contrast, decreased hepatic
blood flow (e.g., shock, congestive heart failure) may impair
the metabolism of drugs with a high extraction ratio (e.g., fen-
tanyl). Overall, reduced drug clearance results in an increased
plasma drug concentration and a prolonged terminal half-
life.

Advanced liver disease alters protein binding as a result of
decreased protein synthesis. A common finding in advanced
liver disease is a low serum albumin concentration, which
results in an increased free fraction of drugs bound to albumin.
Clinically significant changes in protein binding generally
are seen with drugs that are highly bound to albumin (e.g.,

warfarin) such that a small decrease in plasma protein concen-
tration produces a significant rise in the circulating free drug
concentration. Drug binding to AAG does not appear to be
affected by liver disease.

Effects of renal disease
The most useful indicator of renal function is creatinine
clearance. Significant renal dysfunction primarily affects the
clearance of water-soluble drugs (e.g., pancuronium) and
metabolites (e.g., normeperidine, morphine-6-glucuronide). In
the setting of renal failure, such drugs or metabolites may accu-
mulate significantly and result in an increased pharmacologic
effect as well as a prolonged duration of action. In addition,
increased drug effects also may be expected in patients with
uremia as a result of decreased protein binding. Repeated dos-
ing or infusions of long duration may cause significant drug
accumulation.

Individual pharmacokinetic variability
In addition to the genetic polymorphisms previously discussed,
there also may be pharmacokinetic differences due to age. The
effects of aging include a loss of nephrons and changes in
the volumes of distribution and protein binding. In the older
patient population, total body water decreases while the per-
centage of body fat increases, resulting in a smaller central
compartment Vd. Renal clearance is decreased because of the
decrease in the number of nephrons. Protein binding capac-
ity is decreased as a result of reduced albumin levels. These
effects result in increased drug sensitivity as a result of increased
plasma drug concentrations and the potential for drug
accumulation.

The concurrent administration of multiple drugs may result
in drug–drug interactions and account for multiple and diverse
variations in pharmacokinetic behavior. As discussed earlier,
there are numerous drugs that can cause inhibition or induc-
tion of CYP and alter the metabolism of other drugs (see
Chapter 35).
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Chapter

37 Opioids
Darin J. Correll and Carl E. Rosow

Opioids are the oldest known anesthetic and analgesic agents,
with documented use as early as 6000 b.c. by the Sumerians,
Babylonians, and Egyptians. Opium is derived from the exu-
date of the seed pod of Papaver somniferum. An opioid is any
substance – natural or synthetic, endogenous or exogenous –
with activity at opioid receptors. An opiate is an alkaloid derived
naturally from opium, such as morphine or codeine.Narcotic is
not a medical term but rather a legal term in the United States
applied to any substance with abuse potential.

Mechanism of action
Opioids bind to G protein–coupled receptors located in the
central nervous system (CNS; e.g., cortex, midbrain, thala-
mus, spinal cord), peripheral nervous system (e.g., mesen-
teric plexus of the gastrointestinal tract, primary afferent neu-
ron), and peripheral tissues (e.g., joints and lung). The recep-
tors are both presynaptic (inhibitory and excitatory) and post-
synaptic (inhibitory). Opioid binding to presynaptic receptors
inhibits voltage-sensitive calcium channels, decreases adenylyl
cyclase activity, and decreases the release of various neuro-
transmitters (e.g., substance P, glutamate, acetylcholine, nor-
epinephrine, and serotonin). Opioid binding to postsynaptic
receptors increases outward potassium conductance, which
results in hyperpolarization and a reduction of neural trans-
mission.

Opioid receptors
Four distinct opioid receptors have been identified and cloned:
µ, κ, �, and nociceptin-orphanin FQ. These are sometimes
abbreviated MOP, KOP, DOP, and NOP respectively. Most opi-
oids used in clinical anesthesia are agonists that are relatively
selective for µ-opioid receptors, and they produce a similar
group of clinical effects. There are multiple human µ-opioid
receptor subtypes, and their expression differs between tissues
and among individuals. Each opioid has different efficacies after
binding to the variousµ-opioid receptor subtypes, and this may
help explain why some patients respond better to a particu-
lar drug. Different subtypes also may account for the fact that
tolerance to one µ-opioid agonist does not produce complete
cross-tolerance to all other µ-opioid agonists. κ-Opioid and �-
opioid receptors mediate analgesia and also may contribute to

the analgesic effect when high doses of µ-opioids are adminis-
tered. A few κ-opioid agonists are used clinically, and κ-opioid
actions probably account for the dysphoria and hallucinations
occasionally reported with these drugs. There are no selective
�-opioid or NOP agonists available for clinical use.

Endogenous opioids
The body produces five different classes of opioid peptides that
act throughout the CNS and peripheral nervous system to affect
nociception, thermoregulation, hormone release, gastrointesti-
nal function, and cardiovascular control.
� The enkephalins are pentapeptides derived from

proenkephalin A. They are moderately selective for
�-opioid receptors and probably act within the spinal cord
and brainstem.

� The dynorphins (A and B) are polypeptides derived from
prodynorphin (also called proenkephalin B). They are
agonists at the κ-opioid receptor.

� �-Endorphin, derived from proopiomelanocortin, is the
most important of the humoral endogenous opioids, and
an important endogenous ligand at µ-opioid receptors.

� Orphanin FQ (also called nociceptin), derived from
proorphanin, binds the NOP receptor. Orphanin FQ is
found in the hippocampus and sensory cortex. It has a
supraspinal antianalgesic effect while producing spinal
analgesia. It may have roles in pain modulation, learning,
and drug reward.

� The endomorphins are tetrapeptides with high affinity for
the µ-opioid receptor. No precursor molecule has been
identified yet. In vivo studies suggest that endomorphin-1
acts via stimulation of µ-opioid receptors. Endomorphin-2
is less specific, acting at both µ-opioid and κ-opioid
receptors.

Pharmacokinetics
Because all the commonly used opioids produce similar effects,
the choice of opioid generally is based on pharmacokinetics,
that is, the speed of onset, the duration of action, or the desired
route of administration (Table 37.1). The lipid solubility of opi-
oids is most commonly expressed as an octanol/water partition
coefficient (Table 37.2). The partition coefficient is adjusted for
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Table 37.1. Equianalgesic opioid doses, time to peak effect, and
duration of analgesia

Peak effect, Duration of
Agent Dose,mga min effect, hb

Morphine 10 >30 3–4
Hydromorphone 1.5 10–20 2–3
Methadone 10 15–20 3–4
Meperidine 80 5–7 2–3
Fentanyl 0.1 3–5 0.5–1
Sufentanil 0.01 3–5 0.5–1
Alfentanil 0.75 1.5–2 0.2–0.3
Remifentanil 0.1 1.5–2 0.1–0.2

a Approximately equianalgesic doses. Data for fentanyl derivatives are
derived from intraoperative studies, the remainder from postoperative
pain studies.

b Typical duration of initial dose.

the amount ionized at pH 7.4, because only uncharged species
will partition between aqueous and lipid environments.Opioids
are weak bases, and most have a dissociation constant (pKa) �
7.4; therefore, they are predominately ionized at body pH.

Distribution
After intravenous (IV) bolus injection, a relatively lipophilic
opioid (e.g., fentanyl) undergoes rapid distribution into highly
perfused tissues such as brain, lung, heart, and viscera. After
a single bolus dose, the effects of such a drug usually appear
rapidly and then disappear rapidly as the opioid is redistributed
into muscle and fat. More hydrophilic opioids, such as mor-
phine, hydromorphone, and oxymorphone, have a slower onset
and offset. Itmust be emphasized that lipid solubility is only one
factor determining the rate of equilibration with receptor sites
in the brain. Alfentanil is less lipophilic than sufentanil, yet its
t1/2ke0 (equilibration half-time) is shorter. This may be a result
of its lower pKa (more uncharged drug) as well as a smaller cere-
bral volume of distribution. Opioids undergo variable amounts
of protein binding in tissues and plasma. In plasma, opioids
usually bind to �1-acid glycoprotein, an acute-phase reactant
that changes concentration in many disease states. Drug that
is protein bound in plasma will not diffuse across membranes,
may not be metabolized in the liver, and will not be filtered by
the kidney.

Table 37.2. Lipid solubility, pKa, and protein binding of opioid agonists

Octanol/water partition Protein
Drug coefficient at pH 7.4 pKa binding, %

Morphine 1.42 7.9/9.4 30–35
Hydromorphone 1.28 8.1 8–19
Methadone 117 8.25 85–90
Meperidine 38.8 8.5 64
Fentanyl 860 8.4 80–85
Sufentanil 1757 8.0 93
Alfentanil 128 6.5 92
Remifentanil 17.9 7.07 70

Clearance
The offset of opioid effects after a bolus dose initially is the
result of rapid redistribution. All opioids, except remifen-
tanil, then undergo hepatic metabolism with renal excretion
of active or inactive metabolites. The biotransformation path-
ways include oxidative metabolism by various cytochrome
P-450 (CYP) isozymes aswell as glucuronidation.Thepolar opi-
oid metabolites are then eliminated in urine and bile.

Pharmacokinetics of commonly used opioids
Morphine
Morphine has a relatively slow onset of action. It is rapidly dis-
tributed and eliminated from the circulation. More than 90%
of morphine is metabolized and excreted within 24 hours. The
drug is metabolized to the 3- and 6-glucuronides, as well as to
normorphine. The metabolites are then excreted in the urine
(90%) and bile (10%). Morphine-6-glucuronide (M6G), which
represents about 15% of the total metabolites, has significant
agonist activity. M6G probably has little effect after a single
morphine dose, but it accumulates with repeated dosing and
then contributes substantially to the overall opioid effect. The
blood concentration of M6G may reach high values in patients
with renal insufficiency and result in adverse effects such as
sedation and ventilatory depression.

Hydromorphone
Compared withmorphine, hydromorphone has a slightly faster
onset of action and a slightly shorter duration of action.
Hydromorphone is rapidlymetabolized to inactive compounds.
Its water solubility allows it to be formulated in a high-
concentration solution useful for patients who are opioid
tolerant.

Methadone
Methadone is much more lipophilic than morphine and has
high oral bioavailability. The commercial preparation is a
racemicmixture with all opioid activity residing in the l-isomer.
There is huge interindividual variability in the metabolic
clearance of both isomers, and clearance is subject to many
drug interactions. Because the terminal half-life is about
35 hours, repeated doses may result in substantial accumula-
tion, with subsequent doses lasting much longer than the ini-
tial dose. Methadone undergoes metabolism in both the liver
and gastrointestinal mucosa, primarily via N-demethylation.
Themetabolite is then excretedmostly by the kidneys, and some
also in bile.

Meperidine
Compared with morphine, meperidine has a faster onset of
effect and a shorter duration of action. Meperidine has a very
high rate of hepatic clearance and is primarily N-demethylated
in the liver to form normeperidine, which is then renally
excreted. Normeperidine is an active metabolite that may cause
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CNS excitation,manifested as restlessness, tremors,myoclonus,
seizures, and occasionally death. It has a long terminal half-
life of about 21 hours and repeated doses of meperidine may
cause normeperidine to accumulate in persons with renal fail-
ure, leading to significant toxicity.

Fentanyl
Fentanyl is extremely lipophilic and is readily absorbed through
intact skin and mucous membranes. After IV injection, it has a
rapid onset and relatively short duration of action. It is rapidly
distributed to the brain, heart, and other highly perfused tis-
sues. Termination of effect occurs when fentanyl rapidly redis-
tributes away from the CNS. Elimination is much slower (ter-
minal half-life, 4–5 hours) due to the slow return of drug from
peripheral tissues to the bloodstream. Fentanyl is metabolized
in the liver and gastrointestinal mucosa to inactive metabolites
excreted by the kidneys (90%) and in the bile (10%).

Sufentanil
Sufentanil is even more lipophilic than fentanyl, and its phar-
macokinetic profile is similar, with a slightly shorter duration of
action. Despite a terminal half-life of about 9 hours, sufentanil
has a relatively short context-sensitive half-time (see Chapter
36). Its duration of action remains relatively short when admin-
istered by infusion for up to about 12 hours. Sufentanil ismetab-
olized in the liver and the gastrointestinal mucosa, and the
metabolites are excreted in urine and bile.

Alfentanil
Alfentanil has an extremely rapid onset and relatively short
duration of effect after a bolus dose. Alfentanil is less likely
than fentanyl to produce cumulative effects after repeated doses.
Despite its short terminal half-life of 90 minutes, it has a longer
context-sensitive half-time than sufentanil when given by infu-
sion for up to about 12 hours (see Chapter 36). Alfentanil is
metabolized in the liver, primarily by CYP3A4, and inhibitors
of this isozyme (e.g., erythromycin) can greatly reduce its
clearance.

Remifentanil
Remifentanil is an ester hydrolyzed by nonspecific esterases,
primarily in skeletal muscle. The onset of effect is extremely
rapid and similar to that of alfentanil. A bolus dose lasts
only a few minutes, so the drug generally is administered by
continuous infusion. Its high clearance gives the drug a context-
sensitive half-time of about 4 minutes, irrespective of the dura-
tion of infusion. Redistribution of remifentanil occurs, but it
plays a minor role in termination of the drug effect. Remifen-
tanil is not a substrate for pseudocholinesterase; therefore, the
dose does not need to be altered in persons with pseudo-
cholinesterase deficiency.

Clearance is unchanged in patientswith hepatic or renal fail-
ure, and the dose does not need to be adjusted in such patients.
Extremes of age and body weight may influence clearance, but

recovery is still very rapid.The primary remifentanil metabolite
has very weak opioid activity, but significant amounts do not
accumulate with typical clinical dosing. The ultra-short dura-
tion of this analgesic may be a drawback in patients who are
expected to have significant postoperative pain. These patients
should receive a longer-acting opioid prior to stopping the
remifentanil infusion.

Pharmacodynamics
Nervous system
Analgesia
The analgesic effects of opioids are the result of actions at many
locations. In the brain, opioids activate various endogenous
descending inhibitory (antinociceptive) pathways via action
in the periaqueductal gray matter, locus ceruleus, and raphe
nuclei. Opioids also act at receptors in the limbic system to alter
the emotional response to a noxious stimulus. Opioid analgesia
sometimes leads to feelings of euphoria – a possible etiology of
the abuse potential of opioids – but dysphoria also may occur.
In the spinal cord, opioids act both pre- and postsynaptically
on the nociceptive neurons in the dorsal horn. In the periphery,
opioids reduce activity in the primary nociceptor during states
of inflammation.

The relative potencies of the older opioid agonists are
derived from studies of acute pain, whereas the fentanyl ana-
logues primarily have been studied in intraoperative settings.
These data have been used to estimate equianalgesic doses
(Table 37.1). However, there is large interindividual variability,
and doses necessary for a given intensity of effect may vary as
much as tenfold between patients.

The opioids listed in Table 37.1 are all considered full
µ-opioid agonists, and all are capable of producing intense
analgesia and complete cessation of breathing in opioid-naı̈ve
patients. Some animal data suggest that higher-potency opi-
oids (e.g., fentanyl derivatives) may bemore effective analgesics
in patients with a high degree of opioid tolerance. Tolerance
involves down-regulation of a portion of the available receptor
population, and higher-potency opioids exert a full effect with
lower levels of receptor availability (i.e., they have more “spare
receptors”).

Sedation
All opioids produce sedation, even at moderately analgesic
doses, and the effect varies greatly among patients. When opi-
oids are used concomitantly with other CNS depressants (espe-
cially benzodiazepines), the sedative effects may be marked.
Sleep disturbances and even hallucinations may occur during
opioid use. Intraoperatively, opioids should not be used as the
primary agents to produce hypnosis or amnesia.

Miosis
Pupillary constriction occurs as the result of stimulation of
the Edinger-Westphal nucleus, the accessory parasympathetic
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nucleus of cranial nerve III (oculomotor nerve). A maximal
miotic effect may occur in tolerant individuals, even after rel-
atively low doses of µ-opioid agonists, so this is not a reliable
end point for analgesia. However, absence of miosis suggests
absence of opioid effect. In cases of opioid overdose, mydriasis
may occur if the patient becomes hypoxemic.

Antitussive effect
Opioids depress the cough reflex, at least partly, by action at
a putative medullary cough center. The effect is mediated by
a receptor mechanism different from that of analgesia; low-
potency analgesics (e.g., codeine) and analgesically inactive
stereoisomers (e.g., dextromethorphan) are effective antitus-
sives.

Pruritus
Itching may be generalized but often is limited to the area
around the nose. The etiology is activation of µ-opioid recep-
tors in the rostral medulla, although some animal data sug-
gest a peripheral component as well. The itching is specif-
ically antagonized by low doses of naloxone or nalbuphine,
but these µ-opioid antagonists often reverse some analgesia.
Opioid-induced itching rarely involves histamine, so the small
amount of relief produced by diphenhydramine is probably a
result of its sedative properties.

Nausea and vomiting
Opioids stimulate the chemoreceptor trigger zone on the floor
of the fourth ventricle, which then activates the emetic center
in the pontine lateral reticular formation. The emetic effect is
increased by input from the vestibular apparatus in the inner
ear. Thus, patients may not be nauseated while lying still but
may become so when they are moved or sat upright. Any
of the various antiemetics may be used, but none has been
proven to be specific for opioid-induced nausea. In theory, an
antiemeticwith strong anticholinergic effects (e.g., scopolamine
or promethazine) should be effective if the problem is triggered
bymotion.The various opioid analgesics appear to cause a sim-
ilar incidence of nausea and vomiting, and despite numerous
assertions to the contrary, there are no data that reproducibly
indicate an advantage or disadvantage for one opioid. In ani-
mals, high doses of opioids directly depress the emetic center,
and it is possible that this effect may occur during some high-
dose intraoperative use.

Ventilatory depression
Opioids produce a dose-dependent depression of ventilation
by decreasing medullary sensitivity to hypercarbia. This results
in a rightward shift and a decrease in the slope of the carbon
dioxide response curve. Tidal volume initially is preserved, but
minute ventilation falls because of a decrease in respiratory
rate. When a patient falls asleep, ventilation is depressed fur-
ther and the degree of hypercarbia and hypoxemia will increase.
Other patient-related risk factors for increased ventilatory

depression include advanced age, a history of obstructive sleep
apnea, morbid obesity, and the concomitant use of other CNS
depressants.

Opioids also decrease hypoxic ventilatory drive and may
cause a periodic or Cheyne-Stokes breathing pattern. Sufficient
opioid will cause apnea, but the patient may still be arousable
and will often breathe if told to do so. All the opioids pro-
duce equivalent amounts of ventilatory depression at equianal-
gesic doses. Treatment depends on the degree of depression and
ranges from supplemental oxygen administration to assisted
ventilation, with slow naloxone titration.

Muscle rigidity
Generalized hypertonus of skeletal muscle may occur during
induction with moderate to large doses of opioids, which can
make ventilation extremely difficult. The etiology is a µ-opioid
receptor–mediated inhibition of GABAergic neurons in the
striatum. For many years, this has been characterized as “chest
wall” or “truncal” rigidity. Although there undeniably is a loss
of compliance in the chest wall and abdomen, difficulty in
ventilation probably is caused by constriction of the laryngeal
and pharyngeal musculature. This upper airway obstruction
can mimic laryngospasm and may be severe enough to require
treatment with a skeletal muscle relaxant. The effect also may
be reversed with naloxone, although this is usually undesirable
during induction.

Cerebral blood flow/intracranial pressure
Opioids do not directly affect cerebral blood flow, but intracra-
nial pressure (ICP) may be elevated if ventilatory depression
is allowed to produce hypercarbia and cerebral vasodilatation.
During anesthesia induction, however, the opioids are excellent
adjuncts for patients with increased ICP. In this circumstance,
ventilation can be controlled, and the opioid will help blunt the
increased ICP due to laryngoscopy and intubation.

Tolerance
Tolerance is a physiologic phenomenon in which the response
to a drug’s effect diminishes over time. To maintain the same
effect, the dose needs to be increased as the result of both recep-
tor uncoupling and down-regulation.There are two types of tol-
erance to opioid action: acute tolerance, which occurs imme-
diately after a single large dose, and chronic tolerance, which
occurs when opioids are administered frequently over longer
periods of time.

In general, tolerance develops to all the depressant effects
described earlier but not to the stimulant effects, such as con-
stipation and miosis. In addition, when tolerance to an opioid
occurs, there is simultaneous development of cross-tolerance to
all other opioid agonists, although this cross-tolerance is often
incomplete (perhaps because of the heterogeneity of µ-opioid
receptor subtypes). Thus, a patient who is tolerant to one opi-
oid often can get additional relief by switching to another – a
process known as “opioid rotation.”
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The precise mechanisms of both acute and chronic toler-
ance are still unclear, although down-regulation of adenylyl
cyclase and other second-messenger mechanisms play a role. A
current area of active investigation suggests that chronic opi-
oid administration may actually cause hyperalgesia, and this
may be mediated by activation of the glutamate N-methyl-d-
aspartate (NMDA) receptor. Inhibitors of NMDA can reduce
tolerance development in animals, but the data are inconsistent
in humans.

Dependence
Physical dependence is a physiologic state defined by the occur-
rence of a specific withdrawal syndrome when the drug is
stopped abruptly, the dose is reduced dramatically, or an antag-
onist is given. The symptoms of withdrawal can be terminated
rapidly with small doses of IV opioids. The presence of physi-
cal dependence (and tolerance) is not the same as psychologi-
cal dependence or addiction, which is a chronic, multifactorial
neurobiological disease manifested by drug-seeking behavior,
impaired control over drug use, and continueduse despite nega-
tive social andphysiologic consequences. Epidemiologic studies
have shown that the risk of addiction from appropriatemedical
use of opioids is very low.

Other CNS effects
High doses of opioids may cause myoclonic activity, but
without evidence of seizure activity on the cortical electroen-
cephalogram (EEG). As stated previously, chronic administra-
tion of meperidine may cause accumulation of its metabolite,
normeperidine, which is a true convulsant. Unlike with propo-
fol or volatile anesthetics, even high doses of opioids will not
produce EEG suppression.

Cardiovascular system
Vasomotor tone
Opioids produce peripheral vasodilation by depressing vaso-
motor centers in the medulla, causing a reduction in sympa-
thetic activity. Unlike volatile anesthetics or propofol, they do
not block high- or low-pressure baroreflex responses. There
is little effect on blood pressure in the awake, normovolemic
patient, although analgesic doses can sometimes cause ortho-
static hypotension. More significant hemodynamic effects may
be seen when higher doses are used or when opioids are com-
bined with other sedative medications (e.g., benzodiazepines).
Opioids are most likely to cause hypotension in patients rely-
ing on a high sympathetic tone tomaintain their blood pressure
(e.g., hypovolemia, congestive heart failure).

Heart rate
Opioids produce a dose-dependent reduction in heart rate by
stimulating the central vagal nuclei. Bradycardia is most likely
to occur when large doses of opioids are administered rapidly.

It may be prevented or reversed by atropine, pancuronium, or
other vagolytic drugs.

Contractility and excitability
Opioids do not produce significant direct myocardial depres-
sion, and they do not sensitize the myocardium to the effects of
catecholamines.

Smooth muscle effects
Gastrointestinal
Through both central (brain and spinal cord) and peripheral
(enteric muscle and nerve) effects, opioids cause a reduction
in propulsion throughout the entire length of the gastrointesti-
nal system. Therefore, there can be delayed gastric emptying
and the development of ileus or constipation. With extended
use of opioids, constipation is common, so prophylactic use
of stool softeners and stimulant laxatives is recommended.
New quaternary opioid antagonists (see “Antagonists”) appear
to antagonize the constipating effects without influencing
analgesia.

Biliary
Opioids increase smooth muscle tone throughout the biliary
tree and sphincter of Oddi. This effect may be less with the
agonist–antagonist opioids. The increase in biliary pressure
occasionallymay lead to epigastric distress or frank biliary colic.
Opioid-induced biliary spasm can be relieved specifically with
naloxone or nonspecifically with smooth muscle relaxants such
as nitroglycerin.The latter is important because biliary pain can
sometimes be hard to distinguish from the pain of myocardial
ischemia.

Urinary
Urinary retention may result from decreased contraction of
the detrusor muscle and an increase in tone of the involuntary
sphincter. The patient also may become inattentive to the stim-
ulus of a full bladder. The effect is more prevalent in males and
often occurs after neuraxial opioid administration. A part of the
effect appears to be peripheral, because it can be reversed by the
quaternary antagonist N-methylnaltrexone.

Opioid effects not mediated by opioid receptors
Histamine release
Morphine and meperidine can cause dose-dependent his-
tamine release from tissue mast cells and circulating basophils.
This cannot be prevented by administration of an opioid antag-
onist, thus it is not mediated through opioid receptors. The
effect often is manifested as a short-lived wheal-and-flare reac-
tion near the site of an IV cannula. After larger doses of mor-
phine, sufficient histamine may be released to cause flushing
and transient hypotension. Itmust be emphasized that this reac-
tion is the result of a nonspecific displacement of the amine
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from mast cells and does not involve an immunologic mech-
anism. True allergy to any of the opioids is extremely rare.

Inhibition of serotonin reuptake
Meperidine (and probably normeperidine) and tramadol
appear to inhibit the presynaptic serotonin transporter. This
effect may form the basis for the well-described and potentially
fatal interaction between meperidine and monoamine oxidase
inhibitors (MAOIs). Patients chronically taking MAOIs (iso-
carboxazid, phenelzine, tranylcypromine, or selegiline) who are
given meperidine or tramadol may suffer a serotoninergic cri-
sis, manifested as clonus, agitation, hyperreflexia, hyperther-
mia, and occasionally death.

Inhibition of shivering
Subanalgesic doses of meperidine (12.5–25 mg IV) are effec-
tive for treating shivering from a variety of causes (e.g., gen-
eral or regional anesthesia, bacteremia, transfusion reactions).
The mechanism partly may be a result of the serotonin mecha-
nismmentioned earlier, because serotonin is an important neu-
rotransmitter in the posterior hypothalamus.Meperidine also is
known to be an agonist at �2B-adrenoceptors, so it may work in
a manner similar to that of dexmedetomidine.

NMDA antagonism
Methadone is available commercially as a racemic mixture
containing the l-isomer (a µ-opioid agonist and noncompet-
itive NMDA antagonist) and the d-isomer (a noncompetitive
NMDA antagonist). NMDA antagonism has led some to pro-
pose that methadone may have advantages over other opioids
in reversing or attenuating the development of opioid toler-
ance and possibly in treating hyperalgesia or neuropathic pain.
The data supporting these advantages are inconsistent at best.
Methadone is capable of producing substantial tolerance with
chronic dosing, which is why addicts on methadone mainte-
nance have such high opioid requirements.

Perioperative opioid uses
Opioids are used for premedication, IV sedation, balanced gen-
eral anesthesia, total IV anesthesia (TIVA), and postoperative
analgesia. There is little reason to give opioids prior to trans-
fer to the operating room unless the patient is already in pain.
Opioid use for premedication makes most sense when sedation
is accompanied by the need for analgesia (e.g., during painful
procedures like line placement or the performance of regional
blocks). The use of small doses of opioids immediately prior to
induction might properly be considered part of the anesthetic
technique.

Intraoperatively, opioids produce a concentration-depen-
dent suppression of the hemodynamic responses to painful
stimuli. The effective concentration varies widely among indi-
viduals, although the transition from inadequate to ade-
quate analgesia occurs over a small range for each patient
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Figure 37.1. Alfentanil plasma concentrations versus effect curves for each
patient during the intra-abdominal part of upper abdominal surgery. (Patients
also were receiving 66% nitrous oxide in oxygen.) The plasma concentration
for 50% probability of response Cp50 and slope (γ) of these curves were
defined from the quantal responses of the individual patients to the stimulus
using logistic regression. (Redrawn with permission from Ausems ME, Hug
CC Jr, Stanski DR, Burm AG. Plasma concentrations of alfentanil required to
supplement nitrous oxide anesthesia for general surgery. Anesthesiology
1986; 65:362–373.)

(Fig. 37.1). Increasing doses of opioids reduce the requirements
for other intravenous and inhaled anesthetics. For example, low
plasma concentrations of fentanyl (2–3 ng/ml) or remifentanil
(3 ng/ml) can reduce the amount of propofol necessary to pre-
vent the movement response to pain by about 75%. The opi-
oid agonists all reduceminimumalveolar concentration (MAC)
for various volatile anesthetics by a maximum of about 70%.
Recent data suggest that there is less of an effect in lowering
MACawake.

Opioids are not reliable hypnotics. They do not consistently
produce amnesia or unconsciousness or suppress movement
by themselves, so they should not be considered anesthetics.
The use of high opioid doses (e.g., 50–150 µg/kg fentanyl) with
only oxygen was popular for a time, particularly in cardiac
anesthesia, because it was thought to produce stable hemody-
namics. Unfortunately, many patients given fentanyl–oxygen
“anesthesia” still had wide fluctuations in blood pressure, some
remembered intraoperative events, and all required prolonged
postoperative ventilation. Currently, almost all intraoperative
opioid use is in combinationwith true hypnotics, such as propo-
fol (i.e., TIVA), or with volatile agents.

Individualization of doses
The range of effective concentrations (therapeutic window) is
narrow for each patient but varies widely among patients. The
clear implication is that “cookbook” analgesia likely is inade-
quate or excessivemuch of the time.With this caveat, Table 37.3
presents some “typical” intraoperative doses for various opi-
oids. It is intended only as a reasonable place to start titration.
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Table 37.3. Typical IV opioid dosages

Bolus for Infusion for
Agonist Adjunct to induction maintenance maintenance

Morphine 0.1–0.25 mg/kg 0.02–0.05 mg/kg NAa

Hydromorphone 0.015–0.04 mg/kg 0.003–0.0075 mg/kg NAa

Methadone Patients who are on methadone chronically may require
very large opioid doses intraoperatively.
A reasonable starting dose is to administer intravenously
the same daily oral dose on which the patient is maintained.

– NAa

Fentanyl 1.5–5 µg/kg 0.4–1.5 µg/kg 0.01–0.1 µg/kg/min
Sufentanil 0.2–0.5 µg/kg 0.1–0.2 µg/kg 0.002–0.01 µg/kg/min
Alfentanil 10–75 µg/kg 3–15 µg/kg 0.1–2 µg/kg/min
Remifentanil 0.5–1 µg/kg 0.1–0.3 µg/kg 0.025–1 µg/kg/min

a Rarely given intraoperatively via infusion.
NA, not applicable.

The choice of doses will depend on factors unique to the patient
and to the procedure:
� Lower starting or maintenance doses are advisable in some

circumstances. Elderly patients, for example, may be
sensitive, but some elderly patients may require substantial
doses. (Undertreatment of pain in the elderly is a
significant problem.)

� Lower doses also should be considered in patients who are
hypovolemic, debilitated, hypothyroid, or treated with
other CNS depressants.

� Patients with obstructive sleep apnea may need normal
doses but require more intensive postoperative monitoring
for ventilatory depression.

� Patients with hepatic or renal insufficiency may
become excessively sedated or experience ventilatory
depression from accumulation of the parent drug or
metabolites.

� Higher starting or maintenance doses should be
considered in some cases – for example, a thoracotomy
in which intense postoperative pain is anticipated.
However, multimodal analgesia, including epidural
analgesia, often is a better choice in cases such as
these.

� A patient with obvious opioid tolerance or a history
of recent, consistent opioid use may require a
substantial amount of opioid. In many cases,
intraoperative dosing can be guided by the response
(or lack of response) to opioids given preoperatively.
One should not hesitate to give adequate doses to
patients who have become highly tolerant. Checking
intraoperatively for spontaneous ventilation may be
reassuring in such cases. If the patient will breathe
during general anesthesia, there is a high likelihood
that ventilation will continue in the postoperative
period.

Agonist–Antagonists
The clinically available agonist–antagonists bind to both µ-
opioid and κ-opioid receptors, but they have different intrinsic
activities at each site (Table 37.4). Equipotent IV doses for anal-
gesia also are listed in Table 37.4. All the agonist–antagonists
behave as partial agonists, with lower efficacy than that of the
pure agonists; thus, there is a ceiling for both the analgesic
and ventilatory-depressant effects. These agents offer no major
benefits compared with the pure agonists for use during bal-
anced anesthesia. Even extremely large doses will not produce
the intensity of analgesia produced by fentanyl or morphine,
and they are less effective in reducing MAC of the volatile
anesthetics.

The subjective effects of buprenorphine are similar to mor-
phine.The κ-opioid agonists nalbuphine and butorphanol have
been described as producing “apathetic sedation,” and patients
generally do not experience mood elevation like that seen
with morphine. After analgesic doses, patients often appear
extremely sedated, yet they are able to carry on conversations.
The lack of euphoric effects makes these analgesics much less
desired by opioid addicts, which is thought to be a key factor in
their lower abuse liability. Butorphanol may be used as a pre-
medicant because it produces sedative effects in doses lower
than those routinely used for analgesia. Unlike the benzodi-
azepines, it produces very little anterograde amnesia.

Table 37.4. Agonist–antagonist opioid receptor effects and
equianalgesic doses

µ-Opioid κ-Opioid Analgesic dose,
Drug receptor receptor mga

Buprenorphine Partial agonist Antagonist 0.3
Butorphanol Antagonist Partial agonist 2
Nalbuphine Antagonist Partial agonist 10

a Equivalent to morphine, 10 mg.
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Because these opioids are partial agonists, the ventilatory-
depressant effects are limited in intensity, reaching a max-
imum after about 30 mg of nalbuphine or about 4 mg of
butorphanol. Severe ventilatory depression still is possible in
sensitive individuals, such as those with concomitant CNS
or pulmonary disease or those receiving other depressant
drugs. Buprenorphine has limited ability to cause ventilatory
depression. This is important because it has high affinity for
µ-opioid receptors, and complete reversal using naloxone may
be difficult. Reversal cannot be achieved with another agonist-
antagonist.

Nalbuphine and butorphanol do not cause significant eleva-
tion of intrabiliary pressure, whereas buprenorphine may cause
mild biliary effects. The agonist–antagonists appear to have
small effects on smooth muscle in the intestine and bladder,
and they cause less constipation than the pure agonists.The car-
diovascular effects of buprenorphine and nalbuphine are
similar to those of morphine. Butorphanol also may increase
pulmonary artery pressure, but heart rate and blood pressure
usually decrease slightly.

Nalbuphine and buprenorphine are strongµ-opioid antago-
nists, and theymay be used for this purpose. Reversal of agonist
effects with an agonist–antagonist has never been demonstrated
to be safer or more reliable than reversal with a pure antag-
onist such as naloxone. Administration of an opioid antago-
nist to an opioid-dependent patient will precipitate withdrawal;
therefore, agonist–antagonist agents should be avoided in such
patients.

Antagonists
Naloxone
Naloxone acts as a competitive antagonist at all opioid recep-
tors, but it has greatest affinity for µ-opioid receptors. Small
doses of naloxone reliably reverse or prevent the effects of pure
opioid agonists andmost mixed agonist–antagonists.The block
is reversible, so it can be overcome by additional agonist. Given
by itself to an opioid-naı̈ve person, naloxone is nearly devoid of
clinically demonstrable effects.

Naloxone is widely distributed and rapidly achieves effec-
tive concentrations in the CNS. Plasma and brain concentra-
tions decrease rapidly because of redistribution. The drug is
cleared rapidly by hepatic biotransformation.The terminal half-
life is 1 to 2 hours. The onset of antagonist effect is extremely
rapid, but the duration of action is quite brief. A total IV dose of
0.4 mg will usually antagonize morphine for less than 1 hour,
and increasing the dose does not increase the duration apprecia-
bly. With the exception of remifentanil, the duration of nalox-
one is shorter than the opioids it is used to antagonize.

The presence of excessive opioid effects is a common prob-
lem in the postoperative setting. Small doses of naloxone (0.04
mg in an adult, repeated every few minutes) can be given
intravenously, usually with dramatic improvement. In many
cases, there is partial reversal of analgesia as well, but careful

dosing can minimize this effect. Patients who receive nalox-
one need continued observation, and possibly repeated doses.
Postoperative ventilatory compromise is frequently caused by
a combination of factors, and therapy with naloxone does
not eliminate the need to search for and treat condi-
tions such as residual paralysis, bronchospasm, and airway
edema.

Opioid reversal may sometimes have important hemody-
namic consequences. Increases in systemic pressure, heart rate,
and plasma levels of catecholamines may occur. This may be
because of the sudden onset of pain, but these effects have
been reproduced experimentally in the absence of painful
stimuli. There have been several case reports of fulminant pul-
monary edema, dysrhythmias, and even death in young, pre-
viously healthy individuals given naloxone. In one case, the
dose of naloxone was only 0.1 mg. The etiology of this is not
known.

Naltrexone
Naltrexone is available for oral administration or as a depot
injection given monthly. The main clinical use of naltrexone is
in the treatment of opioid addiction and alcoholism. Naltrex-
one blocks the euphoriant effects of opioids and decreases drug
craving, thus helping prevent relapse. In the event a patient on
naltrexone requires opioid treatment for acute pain, naltrex-
one antagonism is competitive and may be overcome with high
doses of morphine or fentanyl.

N-methylnaltrexone
N-methylnaltrexone (MNTX) is a new quaternary analogue of
naltrexone. The permanently charged molecule does not cross
the blood–brain barrier and achieve significant concentrations
in the CNS. It is given subcutaneously as a treatment for opioid-
induced bowel dysfunction (OBD). In healthy volunteers and
patients givenmorphine, IVMNTX reversed depression of gas-
tric emptying and intestinal motility but did not interfere with
analgesia.

Alvimopan
Alvimopan is another permanently charged new opioid antago-
nist that does not achieve significant concentrations in theCNS.
It is poorly absorbed after oral administration and does not
reverse opioid analgesia. Alvimopan is given orally for the treat-
ment of postoperative ileus.

Suggested readings
Ausems ME, Hug CC Jr, Stanski DR, Burm AG. Plasma

concentrations of alfentanil required to supplement nitrous oxide
anesthesia for general surgery. Anesthesiology 1986; 65:362–373.

Davies G, Kingswood C, Street M. Pharmacokinetics of opioids
in renal dysfunction. Clin Pharmacokinet 1996; 31:
410–422.

249



Part 6 – Intravenous Anesthetics and Adjunct Drugs

Dershwitz M, Randel GI, Rosow CE, et al. Initial clinical experience
with remifentanil, a new opioid metabolized by esterases. Anesth
Analg 1995; 81:619–623.

Fukuda K. Intravenous opioid anesthetics. In: Miller R, ed.Miller’s
Anesthesia. 6th ed. New York: Elsevier; 2005.

McClain DA, Hug CC Jr. Intravenous fentanyl kinetics.
Clin Pharmacol Ther 1980; 28:106–114.

Philbin DM, Rosow CE, Schneider RC, et al. Fentanyl and sufentanil
anesthesia revisited: how much is enough? Anesthesiology 1990;
73:5–11.

Rosow CE, Dershwitz M. Opioid analgesics. In: Longnecker DE,
Brown D, Newman M, Zapol WM, eds. Anesthesiology. 3rd ed.
New York: McGraw-Hill; 2008.

250



Chapter

38 Muscle relaxants
Torin D. Shear and J. A. Jeevendra Martyn

Neuromuscular block (NMB) refers to the interference with
nerve signal transmission at the neuromuscular junction (NMJ)
resulting in skeletal muscle paralysis. Several pharmacologic
agents are clinically available to produce this paralysis and are
collectively known as muscle relaxants. These relaxants block
the action of the neurotransmitter acetylcholine (ACh), which
initiates muscle contraction. Muscle relaxants are conveniently
subdivided into two categories according to the mechanism
of action at the NMJ: depolarizing neuromuscular blockers and
nondepolarizing neuromuscular blockers. Both classes of drug
block the action of ACh at the nicotinic ACh receptor on skele-
tal muscle.

Clinically, neuromuscular blocking drugs (NMBDs)
facilitate tracheal intubation, mechanical ventilation, and opti-
mization of surgical conditions by producing skeletal muscle
paralysis. The pharmacologic effect of NMBDs can be mon-
itored using electrical stimulation of peripheral nerves and
assessment of the evoked twitch response. Neuromuscular
paralysis can be reversed with the careful titration of anti-
cholinesterase drugs and, more recently, by direct binding of
the drug.

Neuromuscular junction
The NMJ comprises a presynaptic motor nerve terminal and a
postsynaptic skeletalmusclemembrane (Fig. 38.1). Between the
presynaptic nerve terminal and the postsynaptic membrane is
the synaptic cleft. ACh is stored in the nerve terminal in special
organelles called vesicles. ACh receptors (AChRs) cluster in the
highly folded motor endplate opposite the nerve terminal.

In the adult NMJ, there are approximately 5 million AChRs.
These are nicotinic cholinergic receptors that form transmem-
brane ion channels permeable to sodium and calcium (into the
cell) and potassium (out of the cell).TheAChRs are formed by a
five-subunit glycoprotein weighing about 250,000Da.This pen-
tameric protein consists of two � subunits and one each of �, �,
and ε subunits in the adult NMJ. Also located on the postsynap-
tic membrane is acetylcholinesterase.

Alterations in the conventional AChR subunits have been
described in denervated muscle, leading to increased mem-
brane permeability associated with hyperkalemic cardiac arrest
following administration of depolarizingNMBDs.These imma-
ture receptors are expressed in extrajunctional areas of the

skeletal muscle membrane in response to many pathologic
states, including muscle denervation. More recently, another
isoform, the �7 AChR, consisting of five �7 subunits, has been
described following denervation.

Normal muscle contraction occurs in a predictable manner.
In response to nerve stimulation, an action potential is gen-
erated, causing voltage-dependent N-type calcium channels,
which are located in the nerve terminal, to open. The ensuing
rapid influx of calcium generates an increase in the intracellular
calcium concentration in the nerve terminal. This causes ACh-
filled synaptic vesicles to fuse with the cell membrane, releasing
ACh into the synaptic cleft. ACh molecules bind to nicotinic
AChRs on the motor endplate, thereby changing membrane
permeability to sodium, calcium, and potassium. This causes
an increase in the transmembrane potential from −90 mV
to −45 mV.The motor endplate action potential is then propa-
gated throughout the skeletalmuscle via sodium channels, lead-
ing to muscle contraction.

Neuromuscular blockers
All NMBDs bind to the AChR and antagonize the action
of ACh. The NMBDs are quaternary ammonium compounds
and, like ACh, bind to the � subunit of AChRs. Nonde-
polarizing NMBDs can be subdivided based on duration of
action or structure (steroid vs. benzylisoquinoline).The evoked
twitch response to depolarizing and nondepolarizing NMB dif-
fers. Depolarizing block is characterized by a dose-dependent
decrease in twitch height without fade during repetitive stim-
ulation. Nondepolarizing block is characterized by fade during
repetitive stimulation, the inability to maintain tetanus, and by
posttetanic potentiation.

Depolarizing NMBDs
Depolarizing NMBDs are agonists at the nicotinic AChR.They
mimic the action of ACh by binding to the AChR and caus-
ing skeletal muscle contraction through depolarization of the
motor endplate. Persistent endplate depolarization prevents
further muscle contraction. Succinylcholine (SCh) is currently
the only depolarizing NMBD in clinical use. SCh structurally
consists of two ACh molecules linked by methyl groups. It is
unique in its rapid onset and short duration. The dose of SCh
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Figure 38.1. Structure of the adult NMJ with the three structures that constitute the synapse: the motor neuron (i.e., nerve terminal), muscle fiber, and Schwann
cell. (A) The motor nerve originates in the ventral horn of the spinal cord or brainstem. (B) As the nerve approaches its muscle fibers, it divides into branches that
innervate many individual muscle fibers. (C) Each muscle receives only one synapse. (D) The nerve terminal, covered by a Schwann cell, has vesicles clustered
about the membrane thickenings as well as mitochondria and microtubules. A synaptic cleft separates the nerve from the muscle. The muscle surface is corru-
gated, and dense areas on the shoulders of each fold contain ACh receptors. Acetylcholinesterase, proteins, and proteoglycans that stabilize the NMJ are present
in the synaptic clefts.

has been extensively studied during its long history of clinical
use, and ranges from 0.6–1.5 mg/kg. Although studies demon-
strate adequate intubating conditions with doses as low as
0.6 mg/kg, a dose of 1 mg/kg is most commonly used.

Rapid onset of skeletal muscle paralysis occurs in 30 to 60
seconds, and paralysis lasts 5 to 10 minutes. With an initial
bolus dose of SCh (e.g., 1 mg/kg), phase I neuromuscular block
occurs. Higher bolus doses or a prolonged infusion will cause
phase II block. Phase I block is the typical depolarizing block
and is manifested as a decrease in twitch height without fade in
response to peripheral nerve stimulation. As the block resolves,
there is an increase in twitch height. During phase II block, the
evoked twitch response is similar to that seen during nondepo-
larizing block in that fade occurs (Fig. 38.2).

SCh is metabolized by plasma butyrylcholinesterase (also
known as pseudocholinesterase or plasma cholinesterase), and
theNMBproduced by SCh is prolonged in patients with plasma
butyrylcholinesterase deficiency. A history of prolonged paral-
ysis after general anesthesia or family history of such should

raise concern. Butyrylcholinesterase activity can decrease in
states such as burns and liver disease. Genetic variations
of butyrylcholinesterase also occur. Normal plasma butyryl-
cholinesterase can be inhibited by the local anesthetic dibu-
caine. An in vitro assay using dibucaine measures the atypi-
cal genetic variations. In normal patients, dibucaine will inhibit
80% of enzyme activity with the corresponding dibucaine num-
ber of 80. Heterozygous atypical plasma butyrylcholinesterase
occurs in about 4% of the population with the corresponding
dibucaine number between 30 and 65. Homozygous atypical
plasma butyrylcholinesterase occurs in about 0.04% of the gen-
eral population and corresponds to a dibucaine number of 20.
That is, atypical genetic variant plasma butyrylcholinesterase,
that does not metabolize SCh, is inhibited less effectively by
dibucaine.

Other genetic variants have been described. In addition,
plasma butyrylcholinesterase may be inhibited by exogenous
compounds such as organophosphates (e.g., insecticides, chem-
ical warfare agents, and echothiophate, a drug used topically

252



Chapter 38 – Muscle Relaxants
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Figure 38.2. Illustration of train-of-four stimuli following administration of
neuromuscular blockers. (A) With incremental doses of SCh, the twitch height
decreases. All four twitches are decreased by the same height. (B) During
nondepolarizing relaxation, increasing doses result in a decrease of twitch
height and a lower second, third, and fourth twitch compared with the first
(the twitch amplitude fades during train-of-four stimulation).

in the eye to treat glaucoma), anticholinesterase agents (e.g.,
neostigmine, pyridostigmine, edrophonium), and monoamine
oxidase inhibitors.

Since its introduction in 1951, the pharmacodynamic
advantages of SCh have been invaluable in facilitating intu-
bation in and out of the operating room. Its desirable prop-
erties allow rapid muscle relaxation of short duration. In
contrast, SCh has many undesirable and occasionally lethal
adverse effects.

Myalgias secondary to skeletal muscle depolarization are
more pronounced in young, muscular individuals. Many clini-
cal trials have evaluated pharmacologic therapies to prevent and
or treat this adverse effect. Pretreatment with a nonsteroidal
anti-inflammatory agent or a small dose of a nondepolarizing
NMBDmay be effective.

Hyperkalemia may occur after the administration of SCh.
Normal patients typically experience a 0.5 to 1 mEq/L increase
in plasmapotassiumconcentration after SCh. Patients at risk for
developing life-threatening hyperkalemia after SCh are listed in
Table 38.1. Up-regulation and spread of the immature isoform
as well as proliferation of the �7 AChR throughout the muscle
membrane plays a role in hyperkalemia following SCh admin-
istration. These isoform changes are seen in pathologic states
listed in Table 38.1.

Dysrhythmias induced by SCh include sinus bradycardia,
junctional rhythm, and, more commonly in children, sinus
arrest. Sinus arrest in children can be prevented by pretreatment
with atropine.These cardiac effects are secondary to the agonis-
tic action of SCh at parasympathetic nerves.

Table 38.1. Risk factors for the development of hyperkalemia after the
administration of depolarizing NMBDs

Upper or lower motor neuron defect
Prolonged chemical denervation (e.g., muscle relaxants, magnesium,

clostridial toxins)
Direct muscle trauma, tumor, or inflammation
Thermal trauma
Disuse atrophy
Severe infection

SCh may also can produce other adverse effects, including
elevated intracranial pressure and increased intraocular pres-
sure. Both these effects may be mitigated by a higher dose of
an intravenous induction agent and pretreatment with a small
dose of a nondepolarizing NMBD.

Nondepolarizing NMBDs
Nondepolarizing NMBDs are often subdivided based on their
duration of action (short, intermediate, or long acting) or chem-
ical structure (benzylisoquinoline or steroid). NMBDs from the
two different chemical classes will act synergistically and pro-
long the duration of action compared with either drug alone.
Drugs from the same chemical class will act in an additiveman-
ner. Pancuronium, vecuronium, and rocuronium are steroids.
Atracurium, cisatracurium, and mivacurium are benzyliso-
quinolines. Nondepolarizing NMBDs are competitive antago-
nists of ACh at theNMJ and bind to the� subunits of theAChR.
Unlike SCh, nondepolarizing drugs do not cause depolarization
of the postsynaptic muscle membrane.

Long-acting NMBDs
Pancuronium, a steroid, is the longest-acting NMBD avail-
able clinically. Its prolonged effect is a result of the action of
the parent compound and its active metabolite, 3-hydroxy-
pancuronium, produced in the liver. Pancuronium and its
metabolite are eliminated equally in the urine and bile. The
initial dose is 0.06 to 0.1 mg/kg, with a maintenance dose of
0.01 mg/kg every 25 to 60 minutes after the initial dose. The
time to 25% twitch recovery is 80 to 100 minutes. Hepatic
disease can double the terminal half-life and prolong neuro-
muscular recovery time. Because of its vagolytic properties,
tachycardia, increased cardiac output, and hypertension may
occur.

Because of pancuronium’s prolonged neuromuscular effect,
residual paresismay occur in the postanesthesia care unit. Stud-
ies comparing the incidence of postoperative residual paresis
between long-acting NMBDs and intermediate-acting agents
show a decreased risk of residual paresis when shorter-acting
relaxants are used. For this reason, the use of pancuroniummay
be more appropriate when postoperative intubation is planned.

Intermediate-acting NMBDs
Most NMBDs currently in use fit into the intermediate-acting
class. Vecuronium, rocuronium, atracurium, and cisatracurium
are the intermediate-acting agents.
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Table 38.2. Onset and duration of action of rocuronium on laryngeal
adductors at varying doses

Dose, Onset at laryngeal Duration (T1+ 25%),
mg/kg adductor muscles, sec min

0.4 92 ± 29 NA
0.8 96 ± 29 25 ± 9
1.2 54 ± 30 43 ± 13

Data from Wright PM, Caldwell JE, Miller RD. Onset and duration of rocuro-
nium and succinylcholine at the adductor pollicis and laryngeal adductor
muscles in anesthetized humans. Anesthesiology 1994; 81:1110–1115.

Vecuronium
Vecuronium is an intermediate-acting steroid NMBD used for
both intubation and surgical muscle relaxation. The intubating
dose is 0.1 mg/kg, with good intubating conditions within 2 to
3 minutes. Maintenance doses of 0.01 to 0.015 mg/kg may be
given 25 to 40 minutes after the initial dose. If SCh is used for
intubation, a lower initial dose of 0.04 to 0.06mg/kg is adequate.
The time to 25% twitch recovery is approximately 25 to 30 min-
utes, with a half-life of 51 to 80 minutes. Vecuronium under-
goes both renal and hepatic elimination, with 80% excretion in
the bile.The activemetabolite, 3-desacetyl vecuronium, has half
the potency of the parent compound.During prolonged admin-
istration, as in the intensive care setting, metabolite accumula-
tion may cause prolonged recovery from paralysis, especially in
the presence of renal failure. Vecuronium has little effect on the
cardiovascular system.

Rocuronium
Rocuronium is an intermediate-acting steroidal NMBD whose
rate of onset is directly related to the dose. Therefore, with
larger initial doses (e.g., 1.2 mg/kg), intubating conditions can
be achieved within 60 seconds (Table 38.2). It can be used
as an alternative to SCh for rapid-sequence intubation. When
compared with SCh, the onset of rocuronium at the adductor
pollicis, in doses �1 mg/kg, is similar. Larger doses of rocuro-
nium also significantly increase the duration of action. Repeat
dosing for maintenance of paralysis is 0.1 to 0.2 mg/kg.
Metabolism occurs in the liver to 17-desacetyl rocuronium,
which has 5% to 10% of the activity of the parent compound.
The terminal half-life is 60 to 70 minutes. More than 70% of the
elimination occurs via the liver, with 30% eliminated renally.

Sugammadex is a novel investigational selective relaxant
binding agent. It is a modified � -cyclodextrin derivative that
causes chemical encapsulation of rocuronium as well as vecuro-
nium. Published data show that increasing doses of sugam-
madex reduced the mean recovery time of rocuronium from
122 minutes (spontaneous recovery) to less than 2 minutes in
a dose-dependent manner. Signs of recurrence of paralysis did
not occur. It has failed to achieve US Food and Drug Adminis-
tration approval because of concerns regarding the incidence of
hypersensitivity reactions.

Atracurium
Atracurium is an intermediate-acting benzylisoquinoline
NMBD. It has four chiral centers, and there are theoretically
16 isomers. The clinical preparation is a mixture of 10 of these
isomers. The intubating dose is 0.4 to 0.5 mg/kg, with good
intubating conditions achieved in 2 to 3 minutes. However, it
causes histamine release when given rapidly, thereby result-
ing in hypotension. It undergoes both Michael elimination
(commonly referred to as Hofmann elimination) and ester
hydrolysis, with a time to 25% recovery of 25 to 30 minutes.
The metabolite laudanosine can cross the blood–brain barrier
and has central nervous system–stimulating properties (con-
vulsions). It is cleared both by the liver and kidneys. Adverse
clinical effects of this metabolite are uncommon.

Cisatracurium
Cisatracurium is an intermediate-acting benzylisoquinoline
NMBD. It is one of the isomers of atracurium and is the isomer
with the largest ratio of NMB activity to histamine-releasing
activity. It is approximately two to three timesmore potent than
atracurium. Adequate conditions for intubation are achieved
in 3 to 5 min with an intubating dose of 0.15 to 0.2 mg/kg.
Cisatracurium undergoes Michael elimination to laudanosine,
although the levels of laudanosine are less than those seen in
atracurium. Its action and metabolism are not affected by renal
or hepatic disease.The terminal half-life is 26 to 28minutes, and
the time to 25% recovery is 50 to 60 minutes.

Factors altering NMBD pharmacology
Various medications potentiate the clinical pharmacologic
effects of NMBDs (Table 38.3). In addition, various disease
states antagonize or potentiate the effects of NMBDs (Table
38.4).

Renal disease
In the presence of impaired renal function, renal clearance will
be reduced. Prolonged recovery is not typically seen after a
single bolus dose, because redistribution terminates the drug
effect. However, after multiple bolus doses or a continuous

Table 38.3. Effect of various medications on the neuromuscular
junction

Decreases
synthesis of
ACh

Impairs release
of ACh by block
of presynaptic
calcium channels

Postsynaptic block
of the AChR (by
allosteric binding)

Furosemide Volatile anesthetics
Magnesium
Calcium channel blockers
Aminoglycoside antibiotics

Volatile anesthetics
Aminoglycoside

antibiotics
Quinidine
Tricyclic antidepressants
Ketamine
Midazolam
Barbiturates
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Table 38.4. Pathologic states affecting neuromuscular block

Conditions that antagonize
NMB

Conditions that potentiate
NMB

Alkalosis
Hypercalcemia
Demyelinating lesions
Peripheral neuropathies
Denervation states
Infection
Immobilization
Muscle trauma

Hyponatremia
Hypocalcemia
Hypokalemia
Hypermagnesemia
Certain neuromuscular diseases
Acidosis
Acute intermittent porphyria
Eaton-Lambert syndrome
Myasthenia gravis
Renal failure
Hepatic failure

infusion, the relaxant effect of drugs cleared by the kidney
(especially pancuronium) will be prolonged. Atracurium and
cisatracurium do not undergo renal clearance; thus, their dura-
tion of action is largely independent of renal function. In the
presence of decreased metabolism of SCh (e.g., homozygous
butyrylcholinesterase deficiency), the termination of its effect
depends on renal elimination.

Hepatic disease
Following multiple bolus doses or a continuous infusion of
rocuronium, vecuronium, or pancuronium, prolonged paraly-
sis will occur in patients with significant hepatic dysfunction.
However, because liver failure is often associated with fluid
retention and/or ascites, a larger volume of distribution may
be present. This larger volume of distribution may increase the
initial dose needed to achieve the desired clinical effect. The
duration of a single bolus dose is typically unchanged, because
redistribution terminates the drug effect. A decreased synthesis
of plasma butyrylcholinesterase may occur with decreased liver
function, potentially prolonging the duration of SCh.

Diseases of the neuromuscular junction
Myasthenia gravis is an autoimmune disorder resulting in a
decrease in the number of AChRs at the NMJ. This decrease
in receptor number causes an increased sensitivity to nondepo-
larizing NMBDs. In addition, the decreased number of recep-
tors requires an increased dose of SCh to effectively depolarize
skeletal muscle. Eaton-Lambert syndrome is a paraneoplastic
disorder in which antibodies bind to presynaptic voltage-gated
calcium channels.This decreases ACh release at the NMJ, caus-
ing increased sensitivity to both nondepolarizing and depolar-
izing NMBDs.

Infection
Severe infection and immobilization in the intensive care unit
can cause resistance to nondepolarizing NMBDs and a hyper-
kalemic response to SCh. This is secondary to up-regulation of
AChRs. Infection with Clostridium botulinum, or administra-
tion of a large therapeutic dose of botulinum toxin, may lead

to a denervated state, resulting in a hyperkalemic response to
SCh. Therapeutic exposure to botulinum toxin, in which only
a single area or muscle is injected (i.e., forehead or for torti-
collis or blepharospasm), does not increase the risk of hyper-
kalemia. Animal data indicate that clostridial infection may
lead to increased sensitivity to nondepolarizingNMBDs.This is
an exception to the usual response, where resistance to nonde-
polarizing NMBDs is usually seen when AChRs are increased.

Drug interactions
Drugs that alter liver cytochrome P450 (CYP) will alter the
pharmacokinetics of NMBDs cleared by the liver, specifi-
cally the steroidal NMBDs. Several studies have demonstrated
increased elimination of vecuronium with the concomitant use
of anticonvulsants (phenytoin, phenobarbital, carbamazepine)
secondary to induction of CYP. In contrast, vecuronium activ-
ity was prolonged after inhibition of CYP by cimetidine. Other
medications interact with muscle relaxants at the level of the
NMJ by decreasingACh synthesis, impairing the release of ACh
or binding the � subunit of the AChR, and/or blocking the ion
channel (see Table 38.3).

Data regarding the use of anti-inflammatory glucocorti-
coids and their interaction with NMBDs are contradictory. One
study in humans found a prolonged effect of vecuronium in
patients given concomitant glucocorticoids, whereas another
study found no effect of acute glucocorticoid therapy on non-
depolarizing muscle relaxants. Given this contradiction, care
should be taken when administering NMBDs to patients on
chronic glucocorticoid therapy.
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39 Reversal of neuromuscular blockade
Thor C. Milland and Neelakantan Sunder

When the need for muscular relaxation has passed, one may
either await spontaneous return or administer one of several
agents to hasten the return of neuromuscular function. Ade-
quate muscle strength is a prerequisite for protective airway
reflexes to prevent aspiration, as well as to maintain adequate
spontaneous ventilation to prevent hypoxemia and hypercarbia.
If mechanical ventilation is to be continued postoperatively for
longer than the duration of action of the neuromuscular block-
ing agents used, reversal is most often omitted.

Depolarizing neuromuscular blockers
Succinylcholine, a depolarizing neuromuscular blocker, has
the most rapid metabolism of any neuromuscular blocking
drug. Most of this agent is metabolized by the circulating
enzyme plasma butyrylcholinesterase (also known as pseudo-
cholinesterase or plasma cholinesterase), even before it reaches
the neuromuscular junction (NMJ). If this enzyme is pheno-
typically normal, the duration of neuromuscular blockade is
short, with full spontaneous recovery within 4 to 10 minutes.
Severalmedications can decrease butyrylcholinesterase activity,
including metoclopramide, oral contraceptives, esmolol, some
cytotoxic drugs, anticholinesterase agents, monoamine oxidase
inhibitors, and echothiophate (a glaucoma agent). Individu-
als heterozygous or homozygous for a range of mutations in
the butyrylcholinesterase gene may have increased duration of
blockade, ranging from modest prolongation to up to 4 to 8
hours.There is nomedication that increases the rate of recovery
from succinylcholine neuromuscular blockade.

Nondepolarizing neuromuscular blockers
The neuromuscular blockers that are typically reversed are
the nondepolarizing agents. These neuromuscular blockers are
competitive antagonists of acetylcholine (ACh) at the NMJ.The
return of normal transmission of excitation–contraction cou-
pling at the NMJ depends on the reestablishment of the ability
of ACh to bind to its receptor. Several factors either prolong or
decrease the duration of neuromuscular blockade.

The major factors that influence the reversal of neuromus-
cular blockade are (1) concentration of ACh in the synapse, (2)
concentration of neuromuscular blocker at the ACh receptor,
(3) removal of the neuromuscular blocker from the synapse,

and (4) metabolism and/or excretion of the neuromuscular
blocker from the body. Numerous factors can potentiate neu-
romuscular blockade, including volatile anesthetics, acidosis,
hypothermia, and drugs such as aminoglycosides and polypep-
tide antibiotics. Electrolytes also have an influence on neuro-
muscular blockade, with hypokalemia and hypermagnesemia
prolonging it and hypercalcemia antagonizing it.

Removal of neuromuscular blockers from the synapse
occurs primarily by diffusion away from the synapse to the
interstitial fluid, and then to the bloodstream. For most, hep-
atic metabolism ensures that a gradient favorable to their diffu-
sion away from the synapse will be maintained. Cisatracurium
is a notable exception, most of it being degraded by Michael
(commonly referred to as Hofmann) elimination, and there-
fore largely independent of organ function. The primary
route of elimination of neuromuscular blockers is via hepatic
metabolism and/or renal excretion.

Assessment of neuromuscular blockade
The degree of neuromuscular blockade present, as well as its
assessment, is of crucial importance in determining reversal
strategy. There is a nonlinear relationship between the time to
return ofmuscular function anddepth of neuromuscular block-
ade when reversal agents are administered. Peripheral nerve
twitchmonitoringwith the train-of-four (TOF) pattern of stim-
ulation is used most commonly. Either the number of twitches
observed or the ratio of the amplitude of the first twitch to the
fourth twitch (TOF ratio) indicate the degree of neuromuscular
blockade present. When TOF is used, the simplest method to
assess neuromuscular blockade is visual or tactile assessment of
the number of twitches present.

Without a quantitative measurement of twitch amplitude,
TOF is inherently an inaccurate method. A single twitch
remaining on the TOF represents approximately 90% block-
ade. If four twitches are visible, the degree of blockade is about
≤ 25%. TOF monitoring without accurate quantization of
twitch amplitude should not be used to assess the degree of
spontaneous recovery or the success of reversal, as there may be
a clinically significant neuromuscular blockade in the absence
of a manual or visually perceptible difference between the first
and fourth twitches.
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Thepreferredmethod to assess the degree of recovery or the
success of reversal is to use the double-burst pattern of stimu-
lation. The double-burst consists of a series of two short 50-Hz
tetanic stimuli separated by 0.75 seconds. A difference in the
ratio of the first and second responses is determinedmore easily
visually or with the palpating finger. However, lack of apparent
difference following a double-burst stimulus is still no guaran-
tee that the patient has a clinically insignificant degree of NMB.

Another method to assess degree of recovery or the success
of reversal is to elicit sustained tetanus for 5 seconds at 100
Hz without fade in degree of muscular contraction (in anes-
thetized patients, because it is painful) or eliciting a sustained
head lift for 5 seconds (in awake patients). Following admin-
istration of tetanus, there will be posttetanic potentiation of
the TOF and double-burst, so these methods of assessment
then become less accurate. Other clinical methods include leg
lift, grip strength, response to verbal communication, and ade-
quate ventilatory parameters (tidal volume 3–5 ml/kg, maxi-
mum inspiratory force −20 mmHg).

Monitoring site
To assess the degree of neuromuscular blockade, the twitch-
monitoring site is important.The larynx, diaphragm, and other
central muscles are more rapidly affected by neuromuscular
blockers and also have a quicker recovery. Stimulation of the
facial nerve with observation of the orbicularis oculi muscle
is closely correlated with laryngeal adductor paralysis, and is
a good indicator of intubating conditions. However, it is often
difficult to differentiate between direct versus evoked responses
when the facial nerve is used. For recovery from neuromuscu-
lar blockade, the ulnar nerve and adductor pollicis muscle pro-
vide the best correlation with the tone of the muscles involved
in protective airway reflexes. Furthermore, when adduction of
the thumb is used as the response, there is no interference from
direct stimulation.

Although spontaneous movement and respiratory activity
are also measures of return of neuromuscular function, they
are inherently inaccurate, and a twitch monitor should be used
whenever possible. It is important to remember that in hemi-
plegic patients, peripheral nerve twitch monitoring should be
done on the normal side, as monitoring on the weak side may
lead to an overdose of neuromuscular blockers because of an
exaggerated response on the weaker side due to the presence of
extrajunctional receptors.

When to reverse
When considering reversal of neuromuscular blockade with an
inhibitor of acetylcholinesterase, two important factors should
be considered: (1) the time elapsed since the last dose of the neu-
romuscular blocker and (2) the dose of neuromuscular blocker
administered. Although administration of neostigmine during
profound neuromuscular blockade will indeed result in short-
ening of the interval before a TOF ratio of 0.9 is achieved, wait-
ing until the TOF ratio is � 0.1 will result in a far speedier

reversal. If reversal is attempted at a deeper degree of block,
residual blockade is likely. A good practice is to reverse the
neuromuscular blockade when at least two twitches (TOF) are
detectable.

Spontaneous recovery
If the route of spontaneous recovery of neuromuscular blockade
is chosen, it is important to allow sufficient time for recovery to
occur. Even then, it is important to realize that despite apparent
adequate muscular tone, as gauged by nonquantitative meth-
ods of measurement such as sustained head lift for 5 seconds,
leg lift, or grip strength, a significant amount of residual paral-
ysis may still be present. This subclinical paralysis may cause a
significant compromise of protective airway reflexes. In addi-
tion, these clinical signs are subject to significant interobserver
variability, which significantly decreases their reliability. Even
when a TOF ratio of 0.9 is set as the limit of adequate reversal
of neuromuscular blockade, 13% of patients will still have pha-
ryngeal dysfunction. Given this evidence, many anesthesiolo-
gists feel it is prudent to reverse neuromuscular blockade prior
to extubation in all patients who have received nondepolarizing
neuromuscular blockers.

Agents for neuromuscular blockade reversal
Various pharmacologic agents are available to reverse neu-
romuscular blockade. These agents produce their effect by
increasing the amount of ACh available to compete with the
NMB at theNMJ by inhibiting acetylcholinesterase, the enzyme
that degradesACh.Thismechanism for reversal will be effective
as long as there is not such a surplus of neuromuscular blocker
at the synapse that it is impossible to overcome the blockade
by the levels of ACh achieved. In overdose, acetylcholinesterase
inhibitors can themselves cause paradoxic weakness due to the
production of a depolarizing block from the excess of ACh
present at the NMJ. Acetylcholinesterase inhibitors also pro-
long the effect of succinylcholine by inhibition of butyryl-
cholinesterase.

Neostigmine, edrophonium, pyridostigmine
Anticholinesterase agents available for clinical use at present
are neostigmine, edrophonium, and pyridostigmine. Neostig-
mine is the most potent and widely used neuromuscular block-
ade reversal agent because its pharmacokinetics closelymatches
that of the commonly used neuromuscular blockers. Its onset is
within 5 minutes, and its duration is about 1 to 2 hours.

Pyridostigmine is slower in onset and longer in duration
compared with neostigmine. It is sometimes used in the rever-
sal of deep neuromuscular blockade. Edrophonium is more
rapid in onset than neostigmine (approximately 2 minutes) and
shorter in duration (�1 hour). Because of its short duration,
there is the possibility of reparalysis, especially with longer-
acting neuromuscular blockers.

All anticholinesterase drugs aremetabolized in the liver and
excreted in the urine. However, in the presence of hepatic or
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renal disease, their doses usually do not need to be adjusted,
because the neuromuscular blockers are also metabolized hep-
atically or excreted renally.

Although the aforementioned anticholinesterase agents are
quaternary ammonium compounds, physostigmine, also an
anticholinesterase agent, is a tertiary ammonium compound
and is lipid soluble. It is the only anticholinesterase agent that
can cross the blood–brain barrier into the central nervous sys-
tem (CNS). Therefore, CNS symptoms of anticholinergic tox-
icity (due to scopolamine or atropine) can be reversed with
physostigmine.

Adverse effects of acetylcholinesterase inhibitors
When neuromuscular blockade is reversed by acetyl-
cholinesterase inhibitors at the NMJ, the acetylcholinesterase
enzyme is inhibited at all cholinergic synapses, resulting in
increased ACh at both nicotinic and muscarinic receptors.
Although the nicotinic receptor at the NMJ is the targeted
receptor, ACh is also the neurotransmitter at the nicotinic
receptors in autonomic ganglia as well as at the muscarinic
receptors at parasympathetically innervated organs. The
increase in ACh leads to bradycardia, hypersalivation, and
bronchoconstriction. Severe parasympathetic overstimulation
may lead to the so-called SLUDGE (salivation, lacrimation,
urination, defecation, gastrointestinal upset, emesis) or cholin-
ergic syndrome.These effects are seen least following the use of
edrophonium.

Anticholinergics
To offset the aforementioned cholinergic effects, a muscarinic
antagonist (vagolytic/anticholinergic) is usually given in com-
bination with the anticholinesterase agent (Table 39.1). The
three commonly used anticholinergic drugs are scopolamine,
atropine, and glycopyrrolate, of which the latter two are used
in neuromuscular blockade reversal. Scopolamine and atropine
are tertiary amines and can cross the blood–brain barrier,
whereas glycopyrrolate is a quaternary amine anddoes not cross
the blood–brain barrier. The anticholinergic drugs competi-
tively block the effect of ACh at the muscarinic receptors.

Glycopyrrolate has a longer duration (1–2 hours) and a
slower onset of action compared with atropine This makes it
well suited for use in conjunction with neostigmine. Atropine
occasionally may cause a paradoxic bradycardia in lower doses

Table 39.1. Typical combinations of acetylcholinesterase inhibitors
and vagolytic agents

Combination Dose,mg/kg

Neostigmine/glycopyrrolate Neostigmine: 0.04–0.07
Glycopyrrolate: 0.005–0.01

Edrophonium/atropine Edrophonium: 0.5–1
Atropine: 0.01

Pyridostigmine/glycopyrrolate Pyridostigmine: 0.2–0.35
Glycopyrrolate: 0.005–0.01

Table 39.2. Effects of anticholinergic agents on various organ systems

Antisialagogue effect Drying of secretions, rise in body temperature

Cardiovasculara Tachycardia, shortening of PR interval

CNSb Sedation, amnesia, stimulation/depression

Respiratory Inhibition of secretion of respiratory mucosa,
bronchodilation

Gastrointestinal Decreased intestinal motility, increased risk of
aspiration as lower esophageal sphincter tone
is decreased

Renal Urinary retention

Ophthalmic Pupillary dilation and cycloplegiac

a Atropine produces the highest cardiovascular effects and scopolamine
the least.
b Glycopyrrolate does not cross the blood–brain barrier and does not pro-
duce CNS effects. Scopolamine produces the most CNS effects.
c Cycloplegia is the inability to accommodate to near vision.

(�0.5 mg). All muscarinic antagonists are antisialagogues and
inhibit perspiration (Table 39.2), both of which are desir-
able characteristics in the setting of imminent extubation
and hypothermia, often the case at the end of an operative
procedure. Heart transplant patients, despite having a theo-
retic parasympathetic denervation of the transplanted organ,
may suffer pronounced bradycardia or asystole if an acetyl-
cholinesterase inhibitor is administered, regardless of the con-
current administration of a vagolytic agent.

Administration of a centrally acting anticholinergic agent
such as scopolamine may lead to the so-called central anti-
cholinergic syndrome characterized by excitation, delirium,
and hyperpyrexia. Physostigmine, a cholinesterase inhibitor,
may be used to treat the central anticholinergic syndrome.

Sugammadex
Sugammadex, formerly known as Org 25969, is a cyclodextrin
whose mechanism of reversal is by encapsulation of rocuro-
nium or vecuronium. (It is much less active against pancuro-
nium.) As acetylcholinesterase inhibitors and antimuscarinic
agents are not administered, the adverse effects attributable to
these agents are absent. Sugammadex possesses several unique
characteristics that may drastically change the practice of neu-
romuscular blockade and its reversal.

Return of a TOF ratio of 0.9 within 1 minute of intravenous
administration of sugammadex (8 mg/kg) has been demon-
strated. In addition, although a higher dose is required for
reversal with increasing depth of neuromuscular blockade, this
agent can be used immediately after the blockade is established.
The adverse effect profile is benign; the most noteworthy effect
was signs of insufficient depth of anesthesia after sugammadex
administration in 20% of patients in a dose-finding study. The
therapeutic range is wide, with up to a 10-fold overdose being
tolerated without incident. The ability to rapidly reverse pro-
found neuromuscular blockade may offer an alternative to
succinylcholine and may be beneficial for rescue in a certain
subset of patients in a “can’t ventilate, can’t intubate” scenario.
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Although approved for use in Europe, sugammadex has failed
to achieve US Food and Drug Administration approval due to
concerns regarding the incidence of hypersensitivity reactions.
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40 Perioperative pulmonary aspiration prophylaxis
John P. Broadnax and B. Scott Segal

Pulmonary aspiration of gastric contents is a complication
that causes significant trepidation among anesthesia providers.
Indeed, the first clearly anesthesia-related death was proba-
bly the result of aspiration. Pulmonary aspiration involves the
regurgitation of gastric contents and their subsequent entrance
into the respiratory tract, which may lead to acute lung injury
mediated by particulate matter and the acidic nature of gas-
tric contents. Aspirated particulate matter may lead to a focal
inflammatory and foreign body reaction. The low pH of gastric
contents causes diffuse acid-mediated damage. Animal mod-
els suggest that aspiration of material with pH � 2.5 is associ-
atedwith pulmonarymorbidity, whereasmore alkalinematerial
causes little or no injury.The volume required to cause injury is
controversial. Early data suggesting 0.4ml/kg (or approximately
25ml in a 70-kg adult)was sufficient probably overestimated the
risk; more recent, larger studies suggest 1ml/kg in the lung (not
merely in the stomach) is required.

Together, the twin insults of acid and particulate matter
can act synergistically, leading to increased pulmonary dam-
age. Acutely, pulmonary aspirationmay lead to aspiration pneu-
monitis. After the initial insult, pulmonary aspiration may later
evolve into aspiration pneumonia, respiratory failure, or acute
respiratory distress syndrome.

The overall risk of pulmonary aspiration of gastric contents
during general anesthesia is actually quite low, on the order of
one to five in 10,000 anesthetic procedures. In the setting of
modern pulmonary care, the aspiration of gastric contents is
fortunately associated with minimal morbidity and negligible
mortality. The incidence of aspiration is slightly greater in the
obstetric and pediatric patient populations, but overall morbid-
ity and mortality are not increased. Studies in trauma patients
indicate a much higher incidence of aspiration.

The first step in preventing pulmonary aspiration is to iden-
tify patients who are at an increased risk for this complication.
Several risk factors for pulmonary aspiration have been identi-
fied: increased gastric pressure, increased gastric regurgitation,
and laryngeal incompetence. The specific entities that predis-
pose patients to these conditions are outlined in Table 40.1.

Traditionally, pregnancy and obesity have been thought to
be associated with an increased risk of aspiration due to associ-
ated decreased gastric emptying. However, these assumptions
appear to be untrue in both the obese and the nonlaboring
parturient.

To minimize the risk associated with pulmonary aspiration,
surgical patients are required to be nil per os (NPO) prior to
undergoing general anesthesia. The current American Society
ofAnesthesiologists (ASA)NPOguidelines recommendpatient
fasting of 2 hours after clear fluids, 4 hours after breast milk for
neonates and infants, and 6 hours after infant formula, nonhu-
man milk, or a light meal (ASA 1999). Many anesthesiologists
favor amore conservative fast of 8 hours, orNPOaftermidnight
the day of surgery.

Several anesthetic techniques have been proposed to reduce
the risk of pulmonary aspiration in high-risk patients. Rapid
sequence intubation and the application of cricoid pressure are
widely used in anesthetic practice. Neither, however, has been
shown to reduce the incidence of aspiration or affect the mor-
bidity or mortality from pulmonary aspiration. Nonetheless,
most anesthesiologists consider such techniques to be the stan-
dard of care for patients known to have elevated risk of pul-
monary aspiration.

Pharmacologic approaches to reducing the risk of aspira-
tion include the preoperative administration of nonparticu-
late antacids, histamineH2 antagonists, proton pump inhibitors
(PPIs), and prokinetic agents. Table 40.2 summarizes suggested
aspiration prophylaxis drugs, doses, and routes of adminis-
tration.

Table 40.1. Risk factors for perioperative pulmonary aspiration

Increased
gastric volume

Increased gastric
regurgitation

Decreased
laryngeal
competence

Delayed gastric Gastroesophageal reflux General anesthesia
emptying disease Depressed level of

Diabetic Decreased lower consciousness
gastroparesis esophageal sphincter Head injury

Labor tone Stroke
Pain/stress Esophageal obstruction Neuromuscular disorders
Gastric Zenker’s diverticulum Muscular dystrophies

hypersecretion Achalasia
Overfeeding Extremes of age
Recent meal Esophageal/upper

abdominal surgery
Esophagectomy
Increased intra-

abdominal pressure
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Table 40.2. Suggested aspiration prophylaxis drugs, doses, and routes
of administration

Drug Dose Route of administration

Citric acid/sodium citrate 30 ml PO
Metoclopramide 5–15 mg PO/IV/IM
Rabeprazole 20 mg PO/IV
Omeprazole 20–40 mg PO/IV
Pantoprazole 40–120 mg PO/IV
Lansoprazole 15–30 mg PO/IV
Esomeprazole 20–40 mg PO/IV
Nizatidine 150–300 mg PO/IV/IM
Famotidine 20–40 mg PO/IV/IM
Cimetidine 400–800 mg PO/IV/IM
Ranitidine 75–150 mg PO/IV/IM

IM, intramuscular; IV, intravenous; PO, oral.

Nonparticulate antacids administered immediately preop-
eratively significantly raise gastric pH. The most commonly
used solution is sodium citrate or a citrate/citric acid buffer.
These agents have a very rapid onset of action but a relatively
short-lived gastric acid–neutralizing effect.

Histamine H2 antagonists and PPIs have been used to
increase gastric pH. Both pharmacologic classes act by limiting
parietal cell acid secretion in the stomach. Histamine H2 anta-
gonists exert their effect by antagonizing the action of histamine
on gastric parietal cells via competitive inhibition. PPIs bind
to and block the action of the H+,K+-ATPase pump on pari-
etal cells. Both methods effectively increase gastric pH when
administered appropriately preoperatively.Their onset of action
is slower but they last considerably longer than antacids.

Metoclopramide is a dopamine receptor antagonist with
prokinetic properties due to peripheral cholinergic agonism. Its
effects include increased gastric contractions, relaxation of the
pyloric sphincter, and increased small bowel peristalsis. Meto-
clopramide is administered preoperatively to increase gastric
emptying, thereby theoretically reducing the risk of perioper-
ative aspiration because of decreased gastric volume. Its onset
time after intravenous administration is approximately 20 min-
utes. In emergency settings, it may help reduce the risk of aspi-
ration at extubation, even if it has no effect at induction.

Although each of these agents has proven to be effective
in achieving the goals of reducing gastric volume and increas-
ing gastric pH, none has been shown to affect the morbidity
or mortality from perioperative pulmonary aspiration. In large
part, this may be the result of insufficient power given the rare
incidence of perioperative pulmonary aspiration and associated
morbidity and mortality. Therefore, routine prophylaxis with
these agents for all patients is not recommended. Despite the
paucity of outcome data, however, these agents likely are useful
in patients at high risk for pulmonary aspiration or inwhom the
consequences of such an event would be poorly tolerated.
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41 Perioperative antiemetic therapies
John P. Broadnax and B. Scott Segal

Introduction
Postoperative nausea and vomiting (PONV) has been a perpet-
ual problem since the introduction of ether anesthesia. It has
often been referred to as the “big little problem” (Kapur 1991).
Although this condition rarely results in significant mortality,
the morbidity has a significant effect on the patient’s perioper-
ative experience and perception. PONV may lead to incisional
suture dehiscence, aspiration, and delayed postoperative patient
discharge. In several studies, patients identified their primary
perioperative concern as PONV, even greater than pain. Over
the past few decades, a substantial amount of research has been
dedicated to this topic, leading to better mechanistic under-
standing and development of rational solutions. This chapter
reviews the pharmacology of antiemetic drugs. The assessment
of PONV risk and strategies for rational use of these drugs are
discussed in Chapter 54.

Physiology of PONV
Nausea and vomiting are the results of a complex integra-
tion of inputs from various physiologic systems (Fig. 41.1).
It is the manifestation of the stimulation of the salivary cen-
ter, respiratory center, and pharyngeal, gastrointestinal (GI),
and abdominal muscles. These centers receive their stimula-
tory input from the central vomiting center, which has been
classically postulated to be located in the lateral reticular for-
mation of the medulla. More recent evidence suggests it is
not a single anatomic center but a group of closely integrated
areas in the brainstem. This central vomiting center is respon-
sible for integrating and coordinating the complex processes
involved in vomiting. The vomiting center receives input from
the chemoreceptor trigger zone (CTZ), the vestibular appara-
tus, the cerebral cortex, and the visceral afferent nerves from
the GI tract.The CTZ, also located in the brainstem (in the area
postrema at the floor of the fourth ventricle) lies outside the
blood–brain barrier and thus is uniquely positioned to receive
blood-borne chemical emetogenic stimuli. The stimulation of
dopamine, opioid, histamine, acetylcholine, neurokinin-1, or
serotonin type-3 receptors in these centers initiates the cascade
that leads to emesis. These receptors are the targets of the vari-
ous antiemetic therapies, and it is through them that they enact
their antiemetic effects.

Rational administration
of antiemetic therapy
The preoperative identification of independent risk factors fol-
lowed by the use of a risk-dependent stratificationmanagement
model should form the foundation of a rational, evidence-based
approach to the prophylaxis and treatment of established nau-
sea and vomiting in the postoperative setting. Please refer to
Chapter 54 for a detailed discussion of this topic.

Number needed to treat and number
needed to harm
Comparison of the efficacy and side effects of antiemetic drugs
is complex, and few head-to-head comparisons are available.
Instead, it is common to compare a given drugwith placebo.The
apparent effect of the tested drug depends on its effectiveness or
harmfulness as well as the incidence of PONV or side effects in
the placebo-treated group. A common way to standardize this
comparison across studies and drugs is to compute the number
needed to treat (NNT) or number needed to harm (NNH).This
number is simply the reciprocal of the absolute difference in risk
in the treatment and placebo groups. For example, if 25% of the
drug-treated group experiences PONV, compared with 50% of
the placebo-treated patients, then the absolute risk reduction is
25%, and the NNT is 1/(0.5 − 0.25) = 4.

Pharmacology of antiemetic drugs
Anticholinergics
Anticholinergics presumably produce their antiemetic effects
via inhibition of postganglionic muscarinic receptors in the
central nervous system. They prevent cholinergic transmission
from the vestibular nuclei and reticular formation to the central
vomiting center.Themost effective antiemetic in this drug class
is scopolamine. As a tertiary amine, scopolamine crosses the
blood–brain barrier to exert its central anticholinergic effects.
Scopolamine is available as either a parenteral solution or a
transdermal patch delivery system. Transdermal scopolamine
premedication has been shown to decrease the incidence of
vomiting following general anesthesiawhen applied the evening
before surgery or 4 hours before the end of anesthesia. Early
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Figure 41.1. The neurobiology of PONV.

application of the patch is necessary because of its 2- to 4-hour
delay in onset of an antiemetic effect. Conversely, a single patch
may provide up to 72 hours of antiemetic treatment.

A meta-analysis of randomized studies (Kranke et al. 2002)
found the NNT with scopolamine to prevent postoperative
vomiting was 5.9 patients. Transdermal scopolamine also has
been shown to decrease nausea and vomiting caused by epidu-
ral and intrathecal morphine. It may find particular benefit
in outpatient surgery, because its anti–motion sickness effect
is prominent. Side effects are mild but common; the NNH is
5.6 for visual disturbances such as blurry vision and 12.5 for
dry mouth. Other common side effects include sedation, mem-
ory disturbance, confusion, constipation, and urinary reten-
tion. Table 41.1 shows currently used PONVprophylaxis drugs,
as well as their suggested doses and time of administration.

Serotonin-3 antagonists
The antiemetic properties of many classic antiemetics initially
were attributed solely to dopaminergic antagonism (see later),
but serotonin receptor antagonism later was discovered to also
partially play a role in this effect. This discovery led to the

Table 41.1. Suggested PONV prophylaxis drugs, doses, and times of
administration

Drug Dose Time of administrationa

Dexamethasone 4–5 mg IV Induction of anesthesia
Dimenhydrinate 1 mg/kg IV, 25–50 mg PO Undetermined
Dolasetron 12.5 mg IV End of surgery
Droperidol 0.625–1.25 mg IV End of surgery
Granisetron 0.35–1.5 mg IV End of surgery
Haloperidol 0.5–2 mg IM/IV ? / End of surgery
Prochlorperazine 5–10 mg IM/IV End of surgery
Promethazine 6.25–25 mg IV Induction of anesthesia
Ondansetron 4 mg IV End of surgery
Scopolamine Transdermal patch Preoperatively
Aprepitant 40 mg PO Preoperatively

a The stated times of administration are based on the best currently avail-
able evidence; however, significant controversy remains regarding the
optimal timing of perioperative antiemetic administration.

IM, intramuscularly; IV, intravenously; PO, orally.
Data fromGan T,Meyers T, Apfel C. Consensus guidelines formanaging post-
operative nausea and vomiting. Anesth Analg 2003; 97:62–71.

research and eventual development of the serotonin-3 (5-HT3)
antagonists. These drugs act via antagonism of 5-HT3 recep-
tors in the CTZ and the vagal afferents in the GI tract. They
have been shown to be effective in both the prophylaxis and
treatment of PONV. The first 5-HT3 antagonist to be marketed
in the United States and the most studied drug in the class is
ondansetron. Its efficacy has been documented in numerous
randomized placebo-controlled trials (Tramer et al. 1997). The
NNT for prevention of nausea is 6 to 7, compared with 5 for
prophylaxis against vomiting, indicative of the class’s superior-
ity in preventing vomiting over nausea. The optimal timing of
administration is at the end of surgery (Sun et al. 1997).

Other 5-HT3 antagonists include dolasetron, granisetron,
tropisetron, and ramosetron (the latter two are not available
in the U.S.). When used in equipotent doses, 5-HT3 receptor
antagonists are equally effective in the prevention of PONV
(Naguib et al. 1996).

The side effect profile of the 5-HT3 antagonists includes con-
stipation,with anNNHof 23; headache, with anNNHof 36; ele-
vated liver enzymes, with an NNH of 31; andmore rarely, dizzi-
ness, electrocardiogram abnormalities, and flushing.The lack of
sedation with drugs of this class makes them particularly suit-
able for use in ambulatory surgery. Recently, the FDAwithdrew
approval of intravenous dolasetron for chemotherapy-induced
nausea and vomiting because of the risk of dose-dependent QT
interval prolongation. All 5-HT3 antagonists prolong the QT
interval to some extent, but the risk with dolasetron seems to be
highest. Because the dose for PONV is so much lower than that
for chemotherapy patients, the risk in the perioperative period
is still relatively small. Another part of the new FDA warning is
that dolasetron should not be given to patients with congenital
long QT syndrome or with hypokalemia or hypomagnesemia.

Glucocorticoids
Dexamethasone is the most extensively evaluated and fre-
quently used glucocorticoid in the prophylaxis and treatment
of PONV.The mechanism by which glucocorticoids exert their
antiemetic effect is unknown. Dexamethasone has been shown
to be effective for both the immediate and late onset of PONV.
Its effects on late-onset PONV appear to be more pronounced.
The NNT for early-onset PONV is 7.1, compared with 3.8 for

264



Chapter 41 – Perioperative Antiemetic Therapies

later-onset PONV (Henzi et al. 2000). To provide prophylaxis
for both early- and late-onset PONV, dexamethasone should
be administered relatively early in the immediate periopera-
tive period. For example, dexamethasone was demonstrated to
be more effective at preventing PONV during the first 2 hours
following surgery when given before induction of anesthesia,
as opposed to at the end of surgery; however, administration
at either time was effective in preventing late-onset symptoms
from 2 to 24 hours postoperatively (Wang et al. 2000). Most
studies on dexamethasone have focused on doses of 8 to 10 mg,
but some data suggest that lower doses of 2.5 to 5 mg may be
effective as well. Given the short duration of therapy for PONV,
long-term adverse effects of glucocorticoids, such as reduction
in bone mineral density, diabetes, and cataracts, have not been
reported (Henzi et al. 2000).

Dopaminergic antagonists
The butyrophenones most often used as antiemetics are
droperidol and haloperidol. These drugs act via antagonism of
the dopamineD2 receptor in theCTZ and in the postremal area.
Although both drugs have shown efficacy in PONV, droperidol
ismore frequently used in anesthetic practice. Droperidol doses
as low as 0.625 mg have been shown to be effective in the pro-
phylaxis of PONV (Henzi et al. 2000a). Doses �1 mg are more
effective for the prevention of nausea than of vomiting; how-
ever, doses between 1 and 2.5 mg improve antiemetic efficacy.
Droperidol’s efficacy is similar to that of ondansetron for PONV
prophylaxis, with an NNT of approximately 5 (Tramer 2001).

On November 26, 2001, the US Food and Drug Admin-
istration (FDA) issued a “black box” warning for droperidol
regarding the potential for QT interval prolongation and car-
diac arrhythmias thatmay result in torsades de pointes and sud-
den cardiac death. Continuous cardiac rhythm monitoring for
2 to 3 hours is recommended for any patient receiving droperi-
dol at the approved (labeled) dose of ≥2.5 mg. Although the
aforementioned cardiac morbidity is a well-documented effect
seen with high doses of droperidol, questions have been raised
regarding its relevance at the lower doses (0.625–1.25 mg) used
for PONV prophylaxis and treatment.

Of the numerous cases reported to the FDA involving
droperidol-associated QT prolongation, arrhythmia, or cardiac
death, only 10 cases involved droperidol administered at a
dose of ≤1.25 mg. Droperidol was not conclusively found to
be causally related to the deaths in any of the reported cases.
Because of the lack of submitted data, the FDA has declined to
comment on the efficacy or safety of droperidol at these lower
doses. Also of note, the FDA has reiterated the importance
of off-label drug use in medical practice and neither restricts
physicians’ discretionary use of approved drugs nor regulates
the off-label use of approved drugs (Ludwin et al. 2008; Rappa-
port 2008).

The second class of antiemetic dopaminergic antagonists
is the phenothiazines. Their antiemetic effects are primarily
via antagonism of the dopamine D2 receptor in the CTZ.

Phenothiazines also antagonize histamine H1 receptors.
Prochlorperazine, an agent in this class of medications, has
been shown to be an effective antiemetic when administered at
the end of surgical procedures. Caution should be taken when
using prochlorperazine in the perioperative period because of
its profound antagonism of �-adrenoceptors.

Antihistamines
Antihistamines exert their antiemetic effects via antagonism of
the histamine H1 and muscarinic receptors in the vestibular
system. The most effective antiemetic antihistamines used fre-
quently in anesthetic practice aremembers of the ethanolamine,
piperazine, and phenothiazine families.

Dimenhydrinate, an ethanolamine, appears to have anti-
emetic efficacy similar to that of the 5-HT3 receptor antag-
onists, dexamethasone and droperidol. A meta-analysis of
randomized controlled trials showed the NNT for nausea
and vomiting prophylaxis to be approximately 5 within 48
hours after surgery. The optimal timing and dose response
for administration could not be calculated because of insuf-
ficient data (Kranke et al. 2002). Also of note, dimenhydri-
nate is pharmacologically similar to diphenhydramine, as it is
composed of the salts of diphenhydramine and 8-chlorotheo-
phylline.

The most used antiemetic antihistamines in the piper-
azine family are cyclizine and hydroxyzine. Hydroxyzine also
has been found to be a favorable option because of its other
properties, including anxiolysis and potentiation of opioid
analgesia.

Another commonly used antiemetic with significant anti-
histamine activity is promethazine. Promethazine is chemically
a phenothiazine; however, it does not block dopamine recep-
tors at the usual clinical doses. Promethazine therefore exerts
most of its antiemetic effects via histamine H1 and muscarinic
receptor antagonism.

Antihistamines share a similar side effect profile, which
tends to be the limiting factor in their perioperative use. These
side effects include sedation, dry mouth, constipation, confu-
sion, blurred vision, delirium, urinary retention, and tachycar-
dia. In particular, sedation limits their popularity for outpatient
surgery.

Neurokinin-1 receptor antagonists
Substance P has been implicated in the pathogenesis of PONV
via both central and peripheralmechanisms. Substrate P is a lig-
and of the neurokinin-1 (NK1) receptor, which may be found
centrally in the CTZ and vomiting center, as well as peripher-
ally in the vagal afferents of the GI tract. The first NK1 recep-
tor agonist approved for clinical use by the FDA in the United
States was aprepitant. This drug was shown to be superior to
ondansetron in preventing vomiting up to 48 hours postopera-
tively and equivalent in reducing the incidence of nausea and
need for rescue antiemetics in the first 24 hours (Gan et al.
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2007). Aprepitant should be givenwithin 3 hours prior to induc-
tion of anesthesia.

Other antiemetics
The current available data suggest that several drugs tradition-
ally used for PONVprophylaxis are relatively ineffective for that
purpose. Metoclopramide, at least at the standard clinical dose
of 10 mg, has no antinausea effect and is only minimally effec-
tive in prophylaxis against vomiting (Henzi et al. 1999). Other
agents that have shown poor clinical efficacy for PONV include
ginger root and the cannabinoids.

Nonpharmacologic strategies
Nonpharmacologic approaches to PONV prophylaxis have
been explored as inexpensive and noninvasive alternatives and
adjuncts to traditional treatments. These therapies also con-
fer the additional benefit of allowing patients to avoid the
numerous side effects involved with pharmacologic treatments.
Therapies such as acupuncture, transcutaneous electrical nerve
stimulation, acupoint stimulation, and acupressure have shown
some antiemetic efficacy when used prior to surgical proce-
dures. The NNT for these procedures has been estimated to
be approximately 5 (Lee and Done 1999). Other nonphar-
macologic therapies shown to be effective in at least lim-
ited settings include intravenous hydration, high supplemental
inspired fractional oxygen content, and inhalation of isopropyl
alcohol vapor.

Conclusion
Although significant advances have been made in antiemetic
therapy, PONV continues to be a problem for patients and anes-
thesiologists alike. There likely is no “magic bullet” that will
eliminate PONV, the most common anesthetic side effect. The
keys to overcoming it are to continue to refinemethods for iden-
tifying high-risk patients, to continue to find ways to reduce
baseline risk factors, to optimizemultimodal prophylactic com-
bination regimens, and to continue the research and develop-
ment of novel antiemetic agents and strategies.
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42 COX inhibitors and�2-adrenoceptor agonists
Benjamin Parish and Mark Dershwitz

Cyclooxygenase (COX) inhibitors are nonopioid drugs that
reduce pain (analgesic) and fever (antipyretic). All except
acetaminophen also reduce inflammation. Commonly used
COX inhibitors include aspirin, acetaminophen, ibuprofen,
ketorolac, and celecoxib. A major advantage of COX inhibitors
over opioids is that COX inhibitors do not produce sedation,
ventilatory depression, or tolerance. Adverse effects, however,
limit their use. The following section considers the pharmacol-
ogy of the parenteral COX inhibitor ketorolac.

Ketorolac
Indications
In 1990, ketorolac was the first parenteral COX inhibitor
approved for use for postoperative pain. It is used for short-term
management (�5 days in adults) of moderate to severe acute
pain. It is not indicated for use in children (�17 years) or for
chronic pain conditions.

Mechanism of action
Ketorolac’s primary mechanism of action is thought to be com-
petitive and reversible inhibition of the enzyme COX, result-
ing in the inhibition of prostaglandin synthesis, as shown in
Fig. 42.1. There are two isozymes of COX: COX-1 is a con-
stitutive enzyme that participates in the protection of the gas-
trointestinal (GI)mucosa from acid damage, in the activation of
platelets, and in the regulation of renal blood flow; COX-2 is an
inducible enzyme that participates in the mediation of inflam-
mation, pain, and fever. Ketorolac is a racemicmixture of the “S”
active form and the “R” inactive form. The active form inhibits
bothCOX-1 andCOX-2 (as do aspirin and ibuprofen). Selective
COX-2 inhibitors, such as celecoxib, are selective for the COX-2
isozyme. The therapeutic effects of these medications are addi-
tive, as are their adverse effects (except that celecoxib has little
effect on the GI mucosa and on platelets).

Pharmacokinetics
Ketorolac can be administered orally, intramuscularly (IM), or
intravenously (IV). Its bioavailability is 100% following oral
administration. The recommended dosage for postoperative

pain management is 30 mg IM or IV every 6 hours, with a
maximum daily dose of 120 mg. The dose should be halved in
persons over 65 years of age, in persons with renal insufficiency,
or in adults weighing �50 kg. The onset of analgesia is slow,
occurring about 30 minutes following IV and in about 60 min-
utes following IM administration. Oral ketorolac may be given
at 10 mg every 6 hours. The duration of therapy should not
exceed 5 days.

Ketorolac is metabolized by the liver, and the metabolites
are excreted primarily in the urine. About 40% of an admin-
istered dose is metabolized, whereas the remainder is excreted
unchanged.

The comparative doses of ketorolac and other COX
inhibitors are shown in Table 42.1.

Alternative to opioids
Although potency ratios are difficult to measure, a 30-mg dose
of ketorolac is approximately equipotent to 4 mg of morphine.
Using ketorolac as an alternative to opioids avoids the adverse
effects of sedation and ventilatory depression. Most patients
also will experience less nausea and vomiting. For these rea-
sons, ketorolac has become particularly popular in ambulatory
surgery, in which its use may permit shorter patient discharge
times. When given in combination with opioids, the opioid
requirement likely will be lower. The adverse effect profile of
ketorolac is summarized in Table 42.2.

Table 42.1. Doses of COX inhibitors

Interval, Maximum
Drug Dose,mg h daily dose,mg

Ketorolac 30 IV/IM 6 120
10 PO 6 40

Acetaminophen 500–1000 4–6 4000
Aspirin 500–1000 4–6 4000
Ibuprofen 200–800 4–6 2400
Naproxen 500 initially, then 250 6–8 1500
Celecoxib 200–400 initially, 12–24 400

then 100–200

PO, orally.
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Figure 42.1. Mechanism of action of the COX
inhibitors. Ketorolac, aspirin, and ibuprofen inhibit
both COX-1 and COX-2, whereas celecoxib is a
selective COX-2 inhibitor.

Special populations
Elderly patients
The dose of ketorolac should be halved in persons over 65 years
of age. Such patients are also at higher risk for experiencing
adverse effects, especially GI ulceration.

Pediatric population
Ketorolac is contraindicated in children �17 years of age.

Pregnancy
Ketorolac is contraindicated during labor and delivery and
for nursing mothers. Inhibiting prostaglandin synthesis may
decrease uterine blood flow and contractions. Ketorolac is
excreted in breast milk.

Drug interactions
Because the effects of ketorolac are additive with other
COX inhibitors, their concurrent administration is not rec-
ommended. Ketorolac may reduce the natriuretic effect of
furosemide and thiazide diuretics in some patients, lead-
ing to increased edema. Administration of ketorolac with
angiotensin-converting enzyme inhibitors may cause renal
impairment, especially in volume-depleted patients.The effects
of ketorolac on GI bleeding are synergistic with warfarin and

heparin; therefore, ketorolac should not be used in the presence
of coagulation disorders or in patients on anticoagulant therapy.

α2-Adrenoceptor agonists
Currently, there are two�2-adrenoceptor agonists used in clini-
cal practice. Dexmedetomidine is a useful adjunct in anesthesi-
ology and critical care medicine. Clonidine, although not used
by anesthesiologists as often as dexmedetomidine, has profound
effects in anesthetic management.

The primary effect of the �2-adrenoceptor agonists is to
decrease sympathetic outflow from the central nervous system
(CNS), leading to a decrease in heart rate and blood pressure.
There is a significant sedative effect that is not accompanied by
ventilatory depression. Analgesia and a decreased requirement
for opioid analgesics also occur.

Although these medications cannot produce general anes-
thesia, they may be useful as anesthetic adjuvants. Dexmedeto-
midine decreases the minimal alveolar concentration of
halothane by 95% in animals, whereas clonidine does so by up
to 50%. In contrast to benzodiazepines, �2-adrenoceptor ago-
nists do not produce reliable amnesia.

Ventilatory effects
At doses used to provide sedation, there is a minimal reduction
in minute ventilation secondary to decreased tidal volumes.

Table 42.2. Adverse effects of ketorolac

System Effect Patient restrictions Notes

Renal Renal papillary necrosis Elderly patients, preexisting renal disease,
hypovolemia

Hematologic Inhibition of platelet aggregation Coagulation disorders, use of anticoagulants Unlike aspirin, platelet inhibition disappears
24–48 h after discontinuation

GI Ulceration Peptic ulcer disease, bleeding or perforation

Respiratory Bronchospasm Aspirin-sensitive asthma cross-reactivity Indirect stimulation of leukotriene pathway

Cardiovascular Inhibition of platelet aggregation Myocardial infarction, thrombotic events, stroke Contraindicated following cardiac surgery

Hepatic Liver necrosis, hepatitis Impaired hepatic function

Reproductive Decreased uterine contractions Pregnant women Also decreases uterine blood flow
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However, the ventilatory response to carbon dioxide remains
intact.

Cardiovascular effects
Through its centrally acting sympatholytic effects, there are
frequent decreases in heart rate, blood pressure, and cardiac
output. If the initial bolus of dexmedetomidine is given too
rapidly, there may be a paradoxic increase in blood pressure.
This is thought to be a result of agonist effects at vascular �1-
adrenoceptors.

CNS effects
As mentioned previously, �2-adrenoceptor agonists produce
sedation and analgesia. When given in combination with opi-
oids, the requirement for opioid is lessened. Their amnestic
effect is much less reliable than with benzodiazepines.

Clonidine has been used in nerve blocks with varying
results. Some studies have suggested improved onset and qual-
ity of the block, whereas others have documented prolongation
of the block. The mechanism of action is unknown.

Use of dexmedetomidine
Dexmedetomidine is approved for sedation in the intensive care
unit and for procedural sedation, including for awake fiber-
optic intubation. The usual loading dose is 1 �g/kg given over
10 minutes. Maintenance doses are typically 0.1 to 1 �g/kg/h.
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43 Diuretics
Edward R. Garcia

The therapeutic goal of diuretics is to reduce edema by decreas-
ing total body water. Diuretics may also be used to alter elec-
trolyte or osmotic levels. Essentially all diuretics interfere with
sodium ion (Na+) reabsorption in some way at various seg-
ments of the nephron. They achieve this by increasing sodium
chloride (NaCl) output, which results in a net NaCl loss and,
therefore, water loss along with it. Fig. 43.1 shows sites of
diuretic action along the nephron.

Proximal convoluted tubule diuretics
The proximal convoluted tubule is the primary site for Na+

reabsorption and seems a likely site for effective diuretic
action. However, the number of downstream reabsorption sites
limits the effectiveness of any diuretic targeting this region.
Carbonic anhydrase inhibitors are the only commonly used
diuretics that particularly target this region, although they are
rarely used primarily as diuretics. They work by blocking the
enzyme carbonic anhydrase, which acts to help reabsorb bicar-
bonate in the proximal tubule. The net effect is reduction of
bicarbonate ion (HCO3

−) reabsorption, which instead remains
in the filtrate (metabolic acidosis). To maintain electrochem-
ical neutrality, Na+ (the most abundant cation) accompanies
HCO3

− out of the proximal tubule. The thick ascending limb
(TAL) of the loop of Henle is capable of reabsorbing increased
loads of NaCl. As a result, a large amount of the Na+ is reab-
sorbed there, accounting for the relativelyweak diuretic effect of
acetazolamide. In the distal tubule, Na+ is exchanged for potas-
sium (K+), with a net result of a small increase in the excretion
of HCO3

−, K+, and water.
Acetazolamide occasionally is used for the treatment of

glaucoma, as it inhibits the production of aqueous humor by the
ciliary body, resulting in lowered intraocular pressure. It also
is used for the treatment of acute mountain sickness (AMS).
Its precise mechanism of action in ameliorating the symptoms
of AMS is unclear, although it is presumed to counter the
hyperventilation-induced respiratory alkalosis that results from
exposure to the hypoxia of high altitude. Acetazolamide is con-
traindicated in patients with sickle cell anemia, sulfonamide
allergy, or diabetes.

Osmotic diuretics
Osmotic diuretics act primarily at the loop of Henle. Examples
of osmotic diuretics include mannitol, glycerin, and, occasion-
ally, glucose. Mannitol and glycerin are freely filtered into the
tubular fluid but are inert, and are not reabsorbed from the fil-
trate. In the proximal tubule, Na+ is reabsorbed, resulting in an
increase of filtrate osmolality due to the increasing concentra-
tion of mannitol. The increased oncotic pressure opposes water
reabsorption from the filtrate and results in increased excre-
tion of water as well as Na+. Osmotic diuretics also increase the
serum osmolarity following their administration, which results
in net water extraction from the extravascular to the intravas-
cular compartment. This effect is commonly observed when
osmotic diuretics are administered to decrease intracranial
volume/pressure. Although the increase in intravascular vol-
ume is transient, it may cause congestive cardiac failure in a
minority of patients. Mannitol is the most rapidly acting and
commonly used osmotic diuretic. There is some evidence that
mannitol may have some renal protective activity (increases
renal vasodilation), although the evidence is mixed. Glucose
is also freely filtered, but it undergoes significant reabsorption
by proximal tubular sodium-glucose transport proteins. Excess
glucose due to severe hyperglycemia (above the capacity of
proximal tubular reabsorption) also may result in an osmotic
diuresis (dehydration in diabetics).

Loop diuretics
Loop diuretics act by blocking the Type 2 Na-K-Cl cotrans-
porter (NKCC2) in the thick ascending limb of the loop of
Henle. Inhibition of this cotransporter decreases reabsorption
and results in increased luminal Na+ and Cl−. Additionally, the
active Na+ uptake in the TAL is responsible for establishing
and maintaining the medullary osmolarity gradient critical for
filtrate concentration. By these effects, loop diuretics decrease
maximal urine concentration.This class of diuretics is the most
potent and causes excretion of up to 20%of the filteredNa+.The
loop of Henle is also the primary site for reabsorption of Ca++

and Mg++, whose reabsorption is inhibited by excess luminal
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Figure 43.1. Sites of diuretic action along the nephron.

Na+. Therefore, Ca++ (as in the treatment of hypercalcemia)
and Mg++ are excreted along with Na+, K+, and water.

Because of their potency, loop diuretics may cause sig-
nificant electrolyte loss, consequently hypokalemia and other
electrolyte deficiencies are commonwith their use. Loop diuret-
ics are often used in neurosurgical settings as a means to lower
intracranial pressure. Used together with mannitol, their effect
in lowering intracranial volume is synergistic. The likely mech-
anism for this may be their diuretic effect, but some compo-
nent also may result from their vasodilatory effect, particularly
in the splanchnic circulation. Dilutional hyponatremia (or syn-
drome of inappropriate antidiuretic hormone hypersecretion
[SIADH]) can be corrected with furosemide, as excess water
excretion increases the sodium plasma concentration. A small
dose of furosemide may be given intravenously to differentiate
prerenal from renal failure, as in the former it will lead to an
increase in urine output.

Furosemide, bumetanide, and ethacrynic acid are com-
monly used loop diuretics. Dosages may need to be increased
in the presence of reduced renal blood flow so that these agents
can reach their target site. Adverse effects of loop diuretics
include electrolyte loss, hyperuricemia (gout), dyslipidemia,

dehydration and metabolic alkalosis, postural hypotension,
syncope, and ototoxicity (tinnitus, vertigo, or deafness).

Ascending limb and distal convoluted
tubule diuretics
The thiazide and thiazide-like diuretics act at the cortical TAL
and distal convoluted tubule (DCT) to inhibit Na+ and Cl−
transport. Only 5% to 7% of sodium is normally reabsorbed
here, so inhibition in this region provides a less overall diuretic
effect. Additionally, if the glomerular filtration rate (GFR) is
already diminished (e.g., in renal insufficiency), less fluid will
reach the distal tubule, so inhibition may have minimal effect.
Diuretics such as the loop diuretics, which act more proxi-
mally in the tubule, can result in a compensatory increase of
reabsorption in the distal tubule. Thiazide diuretics can block
this compensatory response and therefore can be coupled with
loop diuretics to provide potent diuresis. In the United States,
thiazides are recommended as a first-line treatment for hyper-
tension. They reduce the plasma volume (diuresis), decrease
cardiac output, and cause peripheral vasodilation. Thiazide
diuretics also inhibit the enzyme carbonic anhydrase to some
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extent. Adverse effects include dehydration and metabolic
alkalosis, hypokalemia, hypocalcemia, hyperuricemia (gout),
hyperlipidemia, impaired glucose tolerance (diabetes), and
impotence.

Metolazone, a thiazide-like diuretic, is the diuretic usually
selected for combination therapy with loop diuretics. It is a
quinazoline diuretic with the same mechanism of action, but
much greater affinity for the DCT Na+ channel. Metolazone is
generally the only DCT diuretic effective in severe renal insuf-
ficiency. In addition, metolazone also has an antihypertensive
effect, the exact mechanism of which is not clear.

Collecting duct diuretics
Diuretics that act at the collecting duct generally are called
potassium-sparing diuretics, because they tend to avoid the
potassium wasting that characterizes the loop and thiazide
diuretics. These agents include the aldosterone antagonist
spironolactone and the distal tubule Na+ channel antagonists
amiloride and triamterene. Blockade of these pathways results
in decreased Na+ uptake in exchange for K+ and H+. These are
generally weak diuretic agents, because more than 90% of the
filtered load is reabsorbed prior to the distal tubule and only a
small amount of Na+ is reabsorbed in the terminal distal tubule
and collecting duct.

Spironolactone competes with aldosterone for its recep-
tors. It is commonly used orally to treat ascites and heart
failure and has an antiandrogen effect that may result in
gynecomastia and menstrual irregularities. Some studies have
shown that its potassium-sparing effect can delay the devel-
opment of Alzheimer’s disease. In contrast to spironolactone,
amiloride and triamterene are noncompetitive inhibitors of
aldosterone. They inhibit Na+ reabsorption and K+ secre-
tion by closing sodium channels. With all three drugs, hyper-
kalemia andmetabolic acidosismay result in patients with renal
insufficiency or in those on angiotensin-converting enzyme
inhibitors.

Another diuretic that acts at the collecting duct (in addition
to other locations) is atrial natriuretic peptide (ANP). ANP is
released from atrial myocardial cells in response to increased
intravascular volume. It is a direct vasodilator that also binds to
receptors in the medullary collecting duct and increases intra-
cellular cyclic guanosine monophosphate cGMP, which in turn

decreases Na+ channel activity. There is some evidence that
ANP may also bind to receptors in the proximal convoluted
tubule and inhibit Na+ reabsorption.The net result is decreased
Na+ reabsorption and increased solute excretion accompanied
by water excretion, with little effect on K+ excretion. ANP
also inhibits renin secretion and increases GFR by decreas-
ing afferent and increasing efferent glomerular constriction.
ANP appears to be a relatively weak diuretic, able to achieve
only moderate diuresis. Its activity is inhibited by lowered arte-
rial pressure or increased afferent arteriolar constriction. Brain
natriuretic peptide is a similarmolecule released frombrain and
myocardial tissue. Its levels (normally less than 20%of the natri-
uretic peptide fraction) are significantly increased in congestive
heart failure and can be useful in differentiating between edema
due to heart failure versus other etiologies. ANP levels are not
significantly altered under anesthesia.
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44 Drug interactions
Martha Cordoba-Amorocho and Jie Zhou

Anesthesiology involves the administration of multiple drugs.
The goal of combining medications is to produce the best ther-
apeutic effects with the fewest adverse effects. Anesthesiologists
also care for patients with multiple underlying conditions for
which they are taking medications, sometimes as part of com-
plex therapeutic regimens. Drug combinations are a useful and
unavoidable part of anesthetic practice; however, they may be a
source of significant morbidity.

Drug interactions result when the effect of one drug is
altered by the concurrent administration of another. To mini-
mize unexpected or dangerous effects, it is important to know
theway drugs interact with each other.Themechanisms of drug
interactionsmay be one of three types: pharmaceutical, pharma-
cokinetic, or pharmacodynamic.

Pharmaceutical interactions
A pharmaceutical interaction is a chemical or physical interac-
tion between drugs that occurs before they are administered or
absorbed systemically. Some examples of pharmaceutical inter-
actions include the following:

� The precipitate that forms when thiopental (a weak acid)
mixes with succinylcholine (a weak base), either in a
syringe or within intravenous tubing

� The precipitate that forms when thiopental mixes with
vecuronium

� The precipitation of bupivacaine when bicarbonate is added
� The inactivation of catecholamine solutions (e.g.,

norepinephrine, epinephrine) when alkalinized by sodium
bicarbonate; this situation may occur during resuscitation
of a patient

� The interaction of desflurane with dry soda lime or
Baralyme R© to produce carbon monoxide; this situation
may occur when oxygen is left flowing through the
absorber canister overnight

Pharmacokinetic interactions
Pharmacokinetic interactions are amuchmore common source
of adverse effects in anesthesia. A pharmacokinetic interac-
tion occurs when one drug alters the absorption, distribution,
metabolism, or elimination of another.

Absorption
An alteration in absorption may occur because of the direct
chemical interaction between drugs in the body or because
one drug affects the physiology of the absorption of another
drug. Examples of drug-induced alterations in the absorption
of another drug include:
� The chelation by tetracycline of the polyvalent cations

(calcium, magnesium, or aluminum) contained in antacids
� The delay in gastric emptying produced by opioids and

anticholinergics, thereby reducing the absorption of orally
administered medications because the primary site for the
absorption of most medications is the small intestine

� The increase in the speed of gastric emptying produced by
metoclopramide that may increase the rate of diazepam
absorption

� The decrease in the rate of absorption, and the increase in
the duration of action, of local anesthetics produced by
epinephrine

� The rapid uptake of nitrous oxide that may increase the
alveolar concentration of a second volatile anesthetic
(the “second gas effect”)

� The administration of medications that increase the gastric
pH (e.g., antacids, histamine H2 antagonists, proton pump
inhibitors) that may reduce the absorption of medications
that are weak acids (e.g., aspirin)

Distribution
An alteration in distributionmay occur because of a variation in
hemodynamics, drug ionization/lipid solubility, or plasma pro-
tein binding. Some examples of drug-induced alterations in the
distribution of another drug include:
� The decrease in cardiac output caused by intravenous and

volatile anesthetics that increases the concentration and
the effects of other drugs in the cardiovascular system and
central nervous system (CNS).

� The decrease in cardiac output that also increases the
end-tidal concentration of volatile anesthetics.

� The diffusion of some medications (e.g., fentanyl,
meperidine) back into the stomach from the bloodstream.
The medications then become ionized and trapped in the
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gastric acid and are reabsorbed when the environment
becomes alkaline in the small bowel. This process may
produce a secondary increase in their blood
concentrations.

� The occurrence of hypoproteinemia in cases of hepatic
cirrhosis or nephrotic syndrome that decreases the amount
of drug bound to circulating proteins. Conversely, surgery,
burns, myocardial infarction, trauma, and malignancies
increase �1-acid glycoprotein. Many drugs that are weak
bases (e.g., bupivacaine, lidocaine, and meperidine) bind to
�1-acid glycoprotein.

� The displacement of highly protein bound drugs (e.g.,
warfarin, phenytoin) by other drugs (e.g., a cyclooxygenase
[COX] inhibitor).

Metabolism
Drugs are eliminated from the body by several processes. Many
drugs increase or decrease the metabolism of others by the liver
or other organs. Some examples of drug-induced alterations in
the metabolism of another drug include:
� The inhibition of plasma butyrylcholinesterase (also

known as pseudocholinesterase) by inhibitors of
acetylcholinesterase (e.g., neostigmine, edrophonium,
pyridostigmine) that may prolong the effect of
succinylcholine.

� The inhibition of plasma butyrylcholinesterase that may
also increase the toxicity of ester local anesthetics by
decreasing their rate of metabolism in the circulation.

� The potentiation of indirect-acting sympathomimetics
(e.g., ephedrine, amphetamine) by monoamine oxidase
inhibitors (MAOIs; e.g., phenelzine, tranylcypromine,
isocarboxazid, selegiline). MAOIs increase the amount of
presynaptic transmitter available to be released. A typical
clinical dose of ephedrine may then produce a severe
hypertensive crisis.

� The production of serotonin syndrome (excitation,
hyperpyrexia, hypertension, profuse sweating, rigidity) by
the interaction of an MAOI and a medication that has
serotonin reuptake–inhibiting activity (e.g., meperidine,
methadone, dextromethorphan).

Many anesthetic drugs undergo oxidative metabolism by
one of the isoforms of cytochrome P450 (CYP). A wide range of
chemical compoundsmay interact with CYP, resulting in either
an increase or decrease in activity.

Based on the fraction of a drug metabolized in a single pass
through the liver, drugs may be classified as “high extraction”
or “low extraction.” The metabolism of high-extraction drugs
(e.g., morphine, fentanyl, sufentanil, lidocaine) is decreased by
drugs or maneuvers that decrease cardiac output and/or hep-
atic blood flow (e.g., �–blockade, vasoconstrictors, halothane,
hypotension, upper abdominal surgery). The metabolism of
low-extraction drugs (e.g., alfentanil, diazepam) is affected by
medications that induce or inhibit drug metabolism.

Some examples of inducers of CYP are phenobarbital,
phenytoin, rifampin, carbamazepine, ethanol, and the poly-
cyclic aromatic hydrocarbons present in cigarette smoke and
charred meat. In contrast, some examples of drugs than in-
hibit CYP are cimetidine, antifungal agents (e.g., fluconazole,
ketoconazole, itraconazole), macrolide antibiotics (e.g., ery-
thromycin, clarithromycin, but not azithromycin), antiretrovi-
ral protease inhibitors (e.g., ritonavir, indinavir), verapamil, and
grapefruit juice.

The list of potential drug interactions due to the induc-
tion or inhibition of CYP is enormous. An excellent and fre-
quently updated list of clinically relevant drug interactions as a
result of these mechanisms may be found at http://www.drug-
interactions.com.

Elimination
Alteration in drug elimination may involve changes in renal
clearance or in pulmonary excretion. For certain cellular bar-
riers, such as in the stomach, placenta, or renal tubules, the
pH on either side of the barrier is very different. Many drugs
are weak acids or bases that are partially ionized at physio-
logic pH. Because it is only the un-ionized fraction that dif-
fuses across such barriers, small alterations in pH may have a
large effect on the degree of ionization and therefore the rate
of transport as a result of of diffusion. For example, an increase
in urinary pH may cause phenobarbital or aspirin to become
trapped in the urine because its rate of tubular reabsorption
decreases.

Organic anions and cations are actively secreted by differ-
ent transporters in the renal tubules. Various anions or cations
may compete for their respective transporter systems. Examples
of drugs eliminated by the anion system are aspirin, �-lactam
antibiotics (penicillins, cephalosporins), and many diuretics.
Probenecid is an inhibitor of the anion transporter and may
decrease the rate of elimination of drugs dependent on that
transporter for their elimination. The cation system transports
atropine, isoproterenol, neostigmine, and meperidine.

Pharmacodynamic interactions
A pharmacodynamic interaction occurs when one drug alters
the sensitivity of a target receptor or tissue to the effect of
another drug. These interactions can be classified as additive,
antagonistic, or synergistic.

Additive interactions occur when drugs with the same
mechanism of action are administered concurrently. Examples
of such additive interactions include:

� Rocuronium and vecuronium, two aminosteroid
nondepolarizing muscle relaxants

� Two volatile anesthetics, or nitrous oxide with a volatile
anesthetic

� The additive CNS toxicity produced by lidocaine and
tetracaine
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Table 44.1. Claimed effects and potential toxic effects of herbal preparations

Name Common use Potential toxicity

Ephedra Energy building, weight loss, antitussive, bacteriostatic Hypertension, tachycardia, dysrhythmias; stroke, seizure.
Effects potentiated by agents with MAOI activity

Echinacea Respiratory and urinary infections, promote wound and
burn healing

Hepatotoxicity
Decreased glucocorticoid effects
Macrophage and natural killer cell activation

Garlic Hyperlipidemia, hypertension, antiplatelet, antioxidant,
and antibiotic effects

Increased risk of perioperative bleeding, potentiation of anticoagulant effects;
risk of interactions with cardiovascular medications, MAOIs, hypoglycemics

Ginger Antinausea, antispasmodic; respiratory ailments; motion
sickness

Increased risk of perioperative bleeding, potentiation of anticoagulant effects;
hyperglycemia

Ginkgo Circulatory stimulant; dementia, Alzheimer’s disease;
asthma, angina

Increased risk of perioperative bleeding, potentiation of anticoagulant effects;
neurotoxicity, decreased seizure threshold, decreased efficacy of
anticonvulsants; interaction with MAOIs

Ginseng Energy building Elevates digoxin concentration by 75%; interaction with MAOIs

Goldenseal Diuretic, antiinflammatory, laxative, hemostatic Oxytocic, paralysis, edema, hypertension

Kava Anxiolytic Hepatotoxicity; potentiates barbiturate and benzodiazepine effects

Licorice Peptic ulcer disease, respiratory infections Hypertension, hypokalemia, edema; reduction in ADH, aldosterone and
plasma renin activity

St. John’s wort Depression, anxiety, insomnia Decreased digoxin concentrations; prolonged general anesthesia, sedation;
induction of CYP and P-glycoprotein (i.e., numerous drug interactions)

Valerian Sedative, anxiolytic Potentiates barbiturate and benzodiazepine effects

Vitamin E Antiaging; prevention of stroke, blood clots, and
atherosclerosis; promotes wound healing

Increased risk of perioperative bleeding, potentiation of anticoagulant effects

ADH, antidiuretic hormone.

There are multiple mechanisms that produce antagonistic drug
reactions. Examples of antagonistic drug interactions include:

� Two medications with opposite physiologic effects
administered concurrently (e.g., phenylephrine and
nitroglycerin)

� A partial agonist or a competitive antagonist given
concurrently with a full agonist that decreases the effect of
the full agonist (e.g., the partial �-opioid agonist
buprenorphine concurrently with the full agonist fentanyl)

� Amedication that increases agonist concentration
overcoming the action of a competitive antagonist (e.g.,
using neostigmine to reverse the effect of vecuronium)

Synergistic drug interactions are very important clinically
when small doses of two or more drugs produce greater than
additive effects. Some examples of synergistic drug interactions
include:

� The concurrent administration of an aminosteroid and a
benzylisoquinoline muscle relaxant (e.g., vecuronium and
cisatracurium)

� The potentiation of opioid analgesia by COX inhibitors
(e.g., morphine and celecoxib)

� The potentiation of nondepolarizing muscle relaxants by
volatile anesthetics (e.g., vecuronium and isoflurane)

� The potentiation of nondepolarizing muscle relaxants by
aminoglycoside antibiotics (e.g., vecuronium and
gentamicin)

� The potentiation of the ventilatory depressant effect when
an opioid is administered concurrently with a
benzodiazepine (e.g., fentanyl and midazolam)

� The decrease in the minimum alveolar concentration of a
volatile anesthetic when an opioid is administered
concurrently (e.g., isoflurane and fentanyl)

� The decrease in the required dose of a hypnotic when an
opioid or a benzodiazepine is given preoperatively
(e.g., propofol and fentanyl)

� The potentiation of the effects of an opioid or a
benzodiazepine by a centrally acting �2-adrenoceptor
agonist (e.g., fentanyl and dexmedetomidine)

Cardiovascular medications
and drug interactions
Some patient are particularly prone to experiencing drug inter-
actions. Patients who are chronically ill and/or elderly are at
high risk because of the number of medications they consume.
The severity of the underlying disease state(s) may also place
these patients at higher risk.

Most cardiovascular medications should not be discontin-
ued prior to surgery, so it becomes important to predict how
they will interact with the medications administered during
anesthesia. Fortunately,most of the interactionswith cardiovas-
cular medications are simply extensions of the known pharma-
cologic effect of these agents:

� �-Adrenoceptor antagonists: hypotension, vasodilation,
reflex tachycardia

276



Chapter 44 – Drug Interactions

� �-Adrenoceptor antagonists: hypotension, decreased
contractility, bradycardia, atrioventricular (AV) block

� Calcium channel antagonists: hypotension, vasodilation;
with verapamil only: decreased contractility, bradycardia,
AV block

� Vasodilators: hypotension, vasodilation, reflex tachycardia
� Angiotensin-converting enzyme inhibitors and angiotensin

antagonists: hypotension, vasodilation, hyperkalemia
� Diuretics: hypovolemia, hypokalemia, vasodilation

Herbal preparations and drug interactions
An increasing number of patients are taking herbal prepara-
tions, vitamins, or other over-the-counter preparations in addi-
tion to their medications. Although these preparations may
have some benefits, adverse effects are often associated with
their use.Unfortunately, somepatientsmaynot report the use of
these alternative medications. During the preoperative assess-
ment, anesthesiologists should specifically ask patients about
their use of these agents.

Herbal preparations are classified as dietary supplements
and are exempt from the safety and efficacy requirements that
prescription and over-the-countermedicationsmust fulfill. Dif-
ferent brands or even batches of the same herbal preparation
may not contain the same amount of the active compound,
or any active compound at all. Some of the claimed effica-
cious effects and potential toxic effects of herbal preparations
are listed in Table 44.1. Herbal medications with the greatest
impact on hemostasis are garlic, ginkgo, and ginseng. However,
presently, mandatory discontinuation of the herbals is not rec-
ommended before surgery or anesthesia.

Anesthesiologists should also be aware of medications with
narrow therapeutic indices. Such medications are risky in
overdose, and drug interactions that increase their concen-
trations or effects are particularly hazardous. Table 44.2 lists
some commonly used medications with a narrow therapeutic
index. Additional topics related to alternative medicine and
anesthesia are covered in Chapter 177.
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Chapter

45 Allergic reactions
Karan Madan and David L. Hepner

An allergic or hypersensitivity reaction is an immunologic
response to stimulation by an antigen. Anesthesiologists fre-
quently encounter allergic reactions while managing patients
in the perioperative period. Patients are exposed to multiple
medications, including antibiotics, anesthetic agents, sedatives
and hypnotics, neuromuscular blocking (NMB) agents, poly-
mers such as protamine, blood products, and environmental
agents such as latex. All of the aforementioned agents can cause
mild to severe (anaphylactic) allergic reactions. The incidence
of life-threatening reactions has been reported to be approxi-
mately one in 3500 to 13,000 anesthetics. Although anaphylaxis
is a rare intraoperative event, most drugs used during the peri-
operative period have been associated with severe allergic reac-
tions. Muscle relaxants and latex are the most common agents
thatmay lead to anaphylaxis, and prevention is themost impor-
tant component to decrease the incidence of anaphylaxis.

Pathophysiology
When an individual is exposed to an allergen for the first time,
sensitization takes place. This process involves a fixation of IgE
to humanmast cells and basophils, preparing these cells for acti-
vation on reexposure to the allergen. IgE-mediated activation of
human mast cells leads to the solubilization and swelling of the
secretory granules, as well as fusion of multiple granules and
their membranes with the plasmalemma. This initiates a signal
transduction cascade that culminates in the increase of intra-
cellular calcium and the release of preformed mediators such
as histamine, proteases (tryptases), proteoglycans, and platelet-
activating factor.

Phospholipid metabolism, the main component of the lipid
mediator pathway, then leads to the generation of potent in-
flammatory leukotrienes (LTC4, LTD4, LTE4, and LTB4) and
prostaglandins (PGD2) (Fig. 45.1). Histamine, PGD2, and
LTC4 are potent vasoactive mediators implicated in vas-
cular permeability changes, flushing, urticaria, angioedema,
hypotension, and bronchoconstriction. Leukotriene B4 medi-
ates leukocyte–endothelial cell adhesion and chemotaxis. In
addition, there is generation and release of cytokines involved
in the perpetuation of the reaction, including tumor necro-
sis factor-� (TNF-�), interleukin (IL)-4, IL-5, IL-6, IL-13, and
granulocyte macrophage colony-stimulating factor (GM-CSF).

The immunologic pathways, as a result of mast cell activa-
tion, are summarized in Fig. 45.2. Mediator release leads to
several responses, including adherence and chemotactic leuko-
cyte responses, proliferation of fibroblast and collagen pro-
duction, activation of the coagulation cascade, and changes in
venous and capillary permeability, including constriction and
dilatation.

Types of hypersensitivity reactions
Immune-mediated allergic reactions are classified according to
their mechanism (Table 45.1). Whereas anaphylaxis is a type
I IgE-mediated hypersensitivity reaction involving mast cells
and basophils, contact dermatitis is a type IV T-lymphocyte
cell–mediated delayed-type hypersensitivity reaction. Other
immune-mediated reactions include type II reactions, in which
IgG, IgM, and complement mediate cytotoxicity, and type III
reactions, in which immune complex formation and depo-
sition lead to tissue damage. Anaphylactoid reactions (i.e.,
non-allergic anaphylaxis) occur through a direct non–immune-
mediated release ofmediators frommast cells or basophils or as
a result of direct complement activation. However, they present
with clinical symptoms similar to those of anaphylaxis.

Cell membrane
phospholipids

Arachidonic acid

PG and TX 5-HPETE

LTA4, LTB4, LTC4,
LTD4, LTE4

Phospholipases

Cyclooxygenase Lipoxygenase

Figure 45.1. Lipid mediator generation. PG, prostaglandin; TX, thrombox-
ane; LT, leukotriene; HPETE, hydroperoxyeicosatetraenoic acid.
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Figure 45.2. Mast cell activation and responses.

Clinical presentation
The onset of anaphylaxis may be delayed by a few minutes to 2
to 3 hours, depending on the route of exposure. After parenteral
administration, the onset of anaphylaxis is usually immediate.
Dermatologic manifestations include urticaria, itching over the
skin and eyes, rash, warmth, and swelling of the face. Con-
scious patients may complain of dizziness, chest tightness, dif-
ficulty breathing, and coughing. In addition, wheezing, tachyp-
nea, laryngeal stridor, and cyanosis may be observed, with
the potential to progress to glottic, epiglottic, and pharyngeal
edema accompanied by acute respiratory distress. In an anes-
thetized patient, the first sign of an anaphylactic reaction may
be respiratory (bronchospasm) or cardiovascular collapse (sud-
den massive hypotension). This is the result of the end-organ
response to vasoactive mediators leading to bronchospasm,
laryngeal edema, reduced effective intravascular volume, and
decreased systemic vascular resistance, resulting in shock.

In the latest epidemiologic survey of anaphylactic and ana-
phylactoid reactions occurring during anesthesia in France and
published in the English literature (January 1999–December
2000), anaphylactic reactions were diagnosed in 518 cases
(66%), whereas 271 cases (34%) were attributed to anaphylac-
toid reactions. The most common causes of anaphylaxis were
NMBagents (59%), latex (17%), and antibiotics (15%). Anaphy-
lactic reactions to colloids (4%), hypnotics (3%), opioids (1%),
and other agents (1%) also were reported. These incidences are
illustrated in Fig. 45.3.

Table 45.1. Types of hypersensitivity reactions (Gell and Coombs
classification)

Type Description

I (immediate) Atopy, urticaria, anaphylaxis

II (cytotoxic) Autoimmune hemolytic anemia, heparin-induced
thrombocytopenia, hemolytic transfusion
reactions

III (immune complex
mediated)

Serum sickness, Arthus reaction, acute
hypersensitivity pneumonitis

IV (delayed cell
mediated)

Contact dermatitis, tuberculin-type
hypersensitivity, chronic hypersensitivity
pneumonitis

Muscle relaxants
Muscle relaxants are the most common agents responsible
for intraoperative anaphylaxis. Because environmental contact
with cosmetics and disinfectants may lead to sensitization to
NMB, anaphylactic reactions to NMB may occur without pre-
vious exposure. Females are more likely than males to develop
an allergic reaction toNMBagents. Rocuronium (43%) and suc-
cinylcholine (23%)were themost frequently incriminatedNMB
agents. Cross-reactivity between NMB agents was observed in
75% of cases of anaphylaxis; antibodies to NMB agents seem
to persist for years. Therefore, cross-reactivity with other NMB
agents should be assessed through skin tests in order to pro-
pose a safe alternative for further procedures when anaphylaxis
to a definite NMB agent has been documented. Rocuronium
and vecuronium account for 80% of the sales of nondepolar-
izing muscle relaxants in the United States. An analysis done in
2005 revealed that in the United States, there was no difference
in the incidence of anaphylaxis between the two drugs. How-
ever, reports from abroad have found a higher incidence of ana-
phylaxis with rocuronium.

Muscle
relaxants 59%

Latex 17%

Antibiotics 15%

Colloids 4%

Hypnotics 3%
Opioids 1%

Others 1%

Figure 45.3. Incidence of allergic reactions by agent.
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Latex allergy
Allergy to latex was first recognized in 1979 as a result of the use
of “universal precautions” promoted by the Centers for Disease
Control and Prevention to decrease the spread of HIV and hep-
atitis B andC viruses.This effort resulted in a 25-fold increase in
the use of latex-containing surgical gloves, causing it to emerge
as the second most common cause of anaphylaxis in surgical
suites (17%of cases) over the following twodecades.Health care
workers, who come in contact with latex in the form of gloves or
other latex-containing medical equipment, may become sensi-
tized to latex. Other high-risk groups include non–health care
workers with occupational exposure to latex, patients with an
atopic background, and children with spina bifida or genitouri-
nary abnormalities who have undergone multiple surgeries. In
addition, some fruits, such as bananas, avocados, and kiwis,
contain proteins that cross-react with latex.

Latex-mediated reactions include irritant contact dermati-
tis (most common reaction), allergic contact dermatitis (type
IV), and type I IgE-mediated hypersensitivity reactions (ana-
phylaxis). Whereas latex sensitization is the presence of IgE
antibodies to latex without clinical manifestations, latex allergy
refers to any immune-mediated reaction associated with clini-
cal symptoms that may include urticaria, rhinitis, and conjunc-
tivitis. Latex-specific IgE can be detected in the patient’s serum
by radioallergosorbent test (RAST) or enzyme allergosorbent
test. No standardized antigens for skin testing are commercially
available in the United States. Most health care facilities have
institutional guidelines for precautions used during manage-
ment of patients with known latex allergy that must include
the use of non–latex-containing gloves and other medical
equipment, particularly in patients with IgE-mediated hyper-
sensitivity reactions. There are no data that support the use of
pharmacologic prophylaxis (i.e., histamineH1 and/orH2 antag-
onists and/or steroids) prior to a surgical procedure.

Antibiotics
Prevention of postoperative surgical infections has increased
preoperative antibiotic use. In the general population, antibi-
otics, particularly the �-lactams, are the most common drugs
causing anaphylaxis, accounting for about 75% of anaphylaxis-
related deaths in the United States. Antibiotics that share the
�-lactam ring include penicillins, cephalosporins, carbapen-
ems, and monobactams. Although cross-reactivity between
cephalosporins and penicillins has been reported, with an inci-
dence between 8% and 10%, recent data suggest the actual
incidence is lower. Taking a detailed history of the reaction
to penicillin will remove most of the questionable cases of
penicillin allergy, which usually are related to nonimmuno-
logic adverse effects. In addition, most of the reported reac-
tions of cross-sensitivity between cephalosporins and peni-
cillins consist of rashes that are not immunologic in origin.
Furthermore, earlier generations of cephalosporins contained
trace amounts of penicillin; therefore, patients with an allergy
to penicillin were more likely to experience an anaphylactic

reaction. It is also important to understand that patients who
have a definite allergic reaction to a specific antibiotic are
more likely to develop anaphylaxis upon exposure to any other
antibiotic. More recently, side chain structure attached to the
beta-lactam ring has been identified as an important compo-
nent in determining the allergenicity of the molecule. Because
first-generation cephalosporins and cefamandole share a sim-
ilar side chain with penicillin and amoxicillin, a higher inci-
dence of allergic reactions to first generation cephalosporins
and cefamandole is likely to occur in those with a history of
penicillin allergy. In contrast, second- and third-generation
cephalosporins have different side chains from penicillin and
amoxicillin and are unlikely to cross-react with penicillin.There
is an increasing trend toward using cephalosporins in patients
without a convincing history of penicillin allergy.

It is important to distinguish between a chemicallymediated
response that may be prevented upon further exposure, such as
red man syndrome due to a too-rapid administration of van-
comycin, and a true allergic or anaphylactic reaction. Allergic
reactions to antibiotics may present as urticaria, pruritus, ery-
thema, angioedema, rhinitis, bronchospasm, hypotension, car-
diac arrhythmias, or full-blown anaphylaxis.

Colloids
Albumin, dextran, hetastarch, and gelatin are colloids com-
monly used in the operating room. Gelatin is the colloid most
likely to cause an allergic reaction (although gelatin-based in-
travenous fluids are not available in the United States). Gelatins
and dextrans are more likely than albumin or hetastarch to
cause an allergic reaction, with the latter being the colloid least
likely to cause an allergic reaction. IgE-mediated anaphylaxis
has been proven by demonstrating IgE antibodies and pos-
itive intradermal tests against gelatins. Increased circulating
IgG dextran-reactive antibodies are found in most adults with
dextran anaphylaxis. Enzyme-linked immunosorbent assay
(ELISA) is used for detecting hetastarch- and dextran-reactive
antibodies (IgG and IgM) in human sera. Although there is
no known cross-reactivity among the different groups of col-
loids, those that belong to the same group, such as Haemaccel
(Piramal,Mumbai, India) andGelofusine (B. Braun, BellaVista,
NSW, Australia), which are both gelatins, have been shown to
have cross-reactivity.

Individuals with prior drug allergies are more likely to
develop anaphylaxis, with males more likely than females to
develop an allergic reaction. Egg allergy does not appear to be
a contraindication to the use of albumin, because the princi-
pal egg protein, ovalbumin (45 kDa), is different from human
serum albumin (67 kDa).

Hypnotics
Cases of propofol-induced bronchoconstriction and allergy
have been reported. Although large doses of propofol inhibit
histamine-induced contraction in isolated human airway
smoothmuscle, some reports have suggested that propofol may
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cause histamine release in healthy and atopic patients and may
induce bronchospasm. Propofol is currently formulated in a
lipid emulsion vehicle containing 10% soybean oil, 1.2% egg
lecithin, and 2.25% glycerol. True allergic reactions to propofol
likely are secondary to the two isopropyl groups. Most cases of
drug allergy to propofol are IgE mediated, and specific IgE-RIA
and intradermal skin tests have been reported. The egg lecithin
component of the lipid vehicle is highly purified egg yolk. Oval-
bumin, the principal protein of eggs, is present in the egg white.
Current evidence suggests that patients allergic to eggs likely
will not develop anaphylaxis when exposed to propofol.

An anaphylactoid reaction to thiopental is seen in one in
30,000 anesthetics. Although some of these reactions may be a
result of the release of histamine, others are true IgE-mediated
anaphylactic reactions.

Opioids
The incidence of allergic reactions to opioids is one in every
100,000 to 200,000 anesthetics. Some opioids (e.g., morphine,
meperidine) cause the direct release of histamine, leading to
dermatologic manifestations such as urticaria, itching, and
vasodilation. Large doses of morphine used during cardiac
anesthesia did not show any increased incidence of broncho-
spasm or angioedema. Anaphylactoid reactions to codeine and
morphine have been reported; however, skin tests were negative
when affected patients were tested.

Local anesthetics
Although allergy to local anesthetics is frequently reported
by patients and there are case reports of such reactions, it is
extremely rare to encounter a true IgE-mediated allergic reac-
tion to local anesthetics, especially in the amide class.Themost
common immune-mediated reaction to local anesthetics is a
delayed hypersensitivity (type IV) reaction or contact dermati-
tis.Themetabolismof amide local anesthetics primarily is in the
liver, whereas that of esters is via plasma cholinesterases. Para-
aminobenzoic acid (PABA) is the main metabolite of ester local
anesthetics implicated in causing allergic reactions. Preserva-
tives such as methylparaben, propylparaben (both metabolized
to PABA), and metabisulfite are often added to multiple-dose
vials of local anesthetics. Many reactions attributed to local
anesthetics are actually a result of reactions to PABA. It is also
important to distinguish an allergic reaction from more com-
mon reactions due to anxiety or epinephrine, as are seen fre-
quently preoperatively and in dentists’ offices. Cross-reactivity
exists among the ester local anesthetics and is unusual among
amides. There is no cross-reactivity between amide and ester
local anesthetics. Skin and antigen-challenge testing may be
used to identify local anesthetics that are safe for a particular
patient, but it should be done with preservative-free solutions.

Blood products
Urticarial reactions are seen in 0.5% of all transfusions with
frozen plasma. Because there is a small amount of plasma in all

blood products, allergic reactions to plasma contained in units
of red blood cells and platelets may occur as well. The reaction
may present as itching, swelling, or a rash.These symptoms can
be avoided by pretreating patients with previous severe urticar-
ial reactions with diphenhydramine. In addition, it is recom-
mended that such patients be transfusedwith saline-washed red
cells. The prophylactic use of acetaminophen prior to transfu-
sion is controversial, because it has potential toxicity and studies
have not shown that it prevents transfusion reactions.

True anaphylactic reactions to blood products are infre-
quent, except in patients with IgA deficiency, who may have
been previously sensitized by either a transfusion or a prior
pregnancy.

Radiocontrast agents
Most reactions to nonionic contrast agents are minor events
such as flushing or skin rashes and are not immune in origin.
The incidence of anaphylactoid reactions is 1% to 2% during
infusion of radiocontrast agents, and these reactions occur as a
result of nonspecific histamine release. The incidence of repeat
reactions on reexposure to radiocontrast material is 17% to
35%, and the severity of these reactions may be reduced by pre-
medication with antihistamines and glucocorticoids. Premedi-
cation has not been proven to prevent these reactions.

Protamine
Protamine, a histone derived from salmon sperm, is used to
reverse the effects of heparin. Exposed patients may develop
an allergic reaction to protamine in 0.4% to 0.8% of cases,
with the risk increased in patients previously exposed to pro-
tamine. Some forms of insulin, such asNPHandprotamine zinc
insulin, contain protamine; therefore, diabetic patients exposed
to them may have an increased risk for a protamine reaction.
Although antigenic crossover is possible in patients with fish
allergies, and some vasectomized men have IgG antibodies to
protamine, recent reports have failed to demonstrate an asso-
ciation between protamine allergy and vasectomy, infertility, or
fish allergy.

Protamine reactions include IgE- and IgG-mediated hyper-
sensitivity, complement activation, nonimmunologic histamine
release, and augmentation of thromboxane, which may lead
to urticaria, systemic hypotension, and an elevation in pul-
monary artery pressure with pulmonary vasoconstriction.
Although cutaneous testing will identify IgE-mediated sensitiv-
ity, protamine-specific IgE and IgG antibodies can be measured
by solid-phase immunoassay, ELISA, and RAST.

Treatment of allergic reactions
The first step in treating an anaphylactic reaction (Table 45.2)
consists of withdrawing the drug likely to be the cause of
the reaction, interrupting the effects of the preformed medi-
ators, and preventing more mediator release. An immediate
assessment of airway, breathing, and circulation (ABC), in
addition to early administration of epinephrine, is mandatory
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Table 45.2. Treatment of anaphylaxis

Withdrawal of agent
Assessment of airway, breathing, circulation
Early administration of epinephrine
Oxygen supplementation
Intravenous fluids
Histamine H1 and H2 antagonists, bronchodilators, hydrocortisone

to avoid airway compromise and cardiovascular collapse.
Epinephrine, in doses of 5 to 10�g IV (0.2�g/kg), is used in the
treatment of mild to moderate hypotension, and is titrated to
effect. Doses of 0.1 to 0.5 mg IV are used in the presence of car-
diovascular collapse. In addition, it is important to decrease or
discontinue anesthetic agents likely to cause vasodilation, such
as inhalational agents, as well as any medications with negative
inotropic effects. Recently, the concept of anaphylactic shock
refractory to epinephrine has been introduced. If incremental
doses of epinephrine fail to restore the cardiovascular collapse
associated with severe cases of anaphylaxis, norepinephrine,
metaraminol, arginine vasopressin or glucagon for patients tak-
ing �-blockers should be utilized.

Other important steps in the treatment of anaphylaxis
include airway support with 100% oxygen to compensate for
the increased oxygen consumption, IV crystalloid replacement
(2–4 L) to compensate for the peripheral vasodilatation, his-
tamine H1 antagonists (diphenhydramine, 0.5–1 mg/kg), his-
tamine H2 antagonists (ranitidine, 150 mg, or cimetidine 400
mg IV), bronchodilators (nebulized albuterol and/or ipra-
tropium bromide), and glucocorticoids (hydrocortisone) to
decrease airway swelling and prevent recurrence of symptoms.

There are no randomized controlled trials that address
the treatment of anaphylaxis, and clinical treatment protocols
for anaphylaxis are based on our understanding of its cellular
mechanism, animal experiments, and clinical presentation.
Immediate discontinuation of the offending agent and admin-
istration of epinephrine are the cornerstones of treating
anaphylaxis.
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46 Mechanism of action and pharmacokinetics
Peter Gerner and Pradeep Dinakar

Overview
Local anesthesia is defined as the temporary or permanent loss
of sensation in localized areas of the body by either chemical or
physical modalities. The chemical modalities include the use of
local anesthetic agents, which reversibly inhibit the generation
and propagation of nerve impulses in excitable tissues, produc-
ing a transient loss of sensory, motor, and autonomic functions.

Chronology of discovery of local anesthetics
In 1860 Neimann isolated and described the chemical struc-
ture of cocaine. Koller introduced cocaine as the first local anes-
thetic clinically in 1884, but the development of dependence
and addiction with prolonged use and local irritant properties
paved the way for development of newer and related drugs that
were less toxic and less addictive. Procainewas the first clinically
relevant local anesthetic, introduced in 1905, which formed the
prototype of the modern local anesthetics. Changes in the ben-
zoic acid moiety resulted in chloroprocaine and tetracaine ini-
tially.This was followed by a change in the linkage from ester to
amide, resulting in the introduction of lidocaine in 1948. Lido-
caine was soon succeeded by the introduction of bupivacaine,
levobupivacaine, mepivacaine, and ropivacaine. The chronol-
ogy of introduction of local anesthetics into clinical practice
and the intermediate chain type, which formed the basis of local
anesthetic classification, is shown in Table 46.1.

Chemical structure of local anesthetics
Local anesthetics have a lipophilic benzene ring, a hydrophilic
tertiary amine separated by an ester or amide linked interme-
diate chain. The link which contains either the ester or amide
linkages formed the basis of the local anesthetic classification
into amino-ester-linked or amino-amide-linked local anesthet-
ics (Table 46.2). The amino-amide local anesthetics were far
superior to the early amino-ester local anesthetics in that chem-
ically they were more stable in solution and at higher temper-
atures. Structural variations in the amino-ester linkage further
classified the amino-ester local anesthetics into aminoacyl and
aminoalkyl amides.Thenewer aminoacyl-amide local anesthet-
ics also had the advantages of being longer acting among all
anesthetics, associated with fewer allergic reactions compared

to the ester anesthetics, and exibiting stereo selectivity, which
reduced cardiac side effects.

Pharmacodynamics of local anesthetics
Type of nerve fibers affected
Axons differ in their size and structure.The larger the diameter
of an axon, the faster is the speed of propagation of the action
potential along that axon. A greater degree of myelination also
yields faster transmission of electrical impulses by insulating
the axon membrane and allowing the “action current” to move
more efficiently to the subsequent, uninsulated regions called
nodes of Ranvier.Thus, based on the fiber size andmyelination,
the nerve fibers are classified into type A, B, or C (Fig. 46.1a).
This process by which depolarization travels rapidly from one
uninsulated region to another along the axon is called saltatory
conduction (Fig. 46.1b). Sensitivity to blockade is determined
by axonal diameter, degree of myelination, and various other
physiologic factors as described below (Table 46.3).

Role of sodium ion channel conformational states
on blockade
The generation and propagation of impulses in nerve axons
that carry afferent (sensory) and efferent (motor, sympathetic)
information require the flow of specific ionic currents through
channels in the plasma membrane. Many of these channels
open and close depending on the electrical potential across the
cell membrane. The major determinant of depolarization and

Table 46.1. Chronology of clinical use of local anesthetics

Anesthetic agent Type of linkage Year of introduction

Cocaine Ester 1884
Procaine Ester 1905
Tetracaine Ester 1933
Lidocaine Amide 1948
Chlorprocaine Ester 1955
Mepivacaine Amide 1956
Prilocaine Amide 1960
Bupivacaine Amide 1963
Ropivacaine Amide 1997
Levobupivacaine Amide 1999
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Table 46.2. Classification of local anesthetics based on linkages

Aromatic
portion

General local anesthetic
structure

Aminoacyl-Ester
local anesthetic
(e.g. Lidocaine)

Aminoalkyl-Ester
local anesthetic
(e.g. Dibucaine)

Amino-Amide
local anesthetic
(e.g. Procaine)

Ester or amide Amine
portion

NNH C CH2

O

O

CH3

CH3

C2H5

C2H5

O

R

R

N

C2H5

C2H5N

H

H C O C2H2

O

N

C2H5

C2H5N C NH CH2

OC4H9

CH2

Anesthetic agent Type of linkage

Figure 46.1. (A) Diameters of various types of nerve fibers. Only the
C-fibers are unmyelinated. (B) Impulse conduction includes simultaneous
active depolarization of several nodes of Ranvier in myelinated nerve fibers,
with active inward (Na+) currents occurring only at the nodes.
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Table 46.3. Properties of different nerve fibers

Nerve fiber
Property A-α A-β A-δ, A-γ B C

Diameter, µm 12–20 5–12 2–5 <3 0.4–1.2
Speed, m/sec 70–120 30–70 4–30 3–15 0.5–3
Sensitivity to block ++ ++ +++ ++++ ++++
Myelination +++ +++ ++ + –
Function Motor, Touch, Pain, Autonomic Pain,

proprioception pressure, Temperature, Temperature,
proprioception Touch, Motor Touch

impulse propagation is the influx of sodium (Na+) ions through
specific voltage gated sodium channels located in the nerve
axons. Local anesthetic agents reversibly bind to and block these
sodium channels and reduce the sodium currents across the
channels (see Fig. 46.2), thereby preventing the initiation and
propagation of action potentials.

The sodium ion conformational state, which depends on the
depolarization–repolarization cycle, could be in a resting, open,
or inactivated state. The local anesthetics have a minimal effect
on the resting states and have the greatest affinity to the open
state followed by the inactivated state. Thus local anesthetics
create a “state dependent block” by showing greatest affinity to
the open Na+ channels (Fig. 46.3).

Although local anesthetics may interfere with other chan-
nels (K+ and Ca2+), their interaction with sodium channels is
clinically most relevant. Additional mechanisms of local anes-
thetic action include the nonspecific expansion of the neuronal
lipidmembrane to compress and thus affect the function of var-
ious ion channels and alteration of neuronal membrane sur-
face charge. Also, local anesthetic drugs directly interact with
specific neuronal membrane receptors (nicotinic acetylcholine-
activated receptors, the substance P receptor, andmany of the G
protein–coupled receptors). These alternative actions may con-
tribute to local anesthesia actions, particularly at synapses in the
spinal cord and also play a role in local anesthetic toxicity.

Differential blockade
Local anesthetics differ in their ability to block autonomic, sen-
sory, and motor action potentials on nerves in different parts of

1.0

0.8

0.6

0.4

0.2

0.0

1 ms

Control

10 mM Bupivacaine

20 mM BupivacaineN
or

m
al

iz
ed

 c
ur

re
nt

Figure 46.2. Decrease in amplitude of Na+ currents by local anesthetic
drugs (bupivacaine).

the body.The reason for this differential blockade is unclear and
many theories exist with some clinical correlation. Fiber size,
which was thought to play a role in differential blockade, has
not been shown to play a significant role in a clinical setting. C
fibers (unmyelinated) are the most sensitive to the local anes-
thetic action and A fibers (myelinated) the least sensitive. This
is the reason for analgesia seen prior to the loss of pressure and
touch sensations. Other theories on efficacy of the local anes-
thetics relating to the anatomical arrangement and location of
the nerve fibers, vasodilating properties of the individual local
anesthetics, and differential effects on other ion channels have
been proposed as some of the causes. Bupivacaine has the most
favorable sensory-to-motor differential blockade and is widely
used in obstetric analgesia and chronic pain procedures, where
preservation of motor function is essential. If the local anes-
thetic concentration is increased to a sufficiently high level, all
local anesthetics will cause complete blockage of all modalities.

Systemic actions of local anesthetic agents
Various chronic pain syndromes, including neuropathic pain
syndromes and fibromyalgia, show a favorable response to
the systemic administration of local anesthetics. Intravenous
lidocaine infusion is an approved pain treatment modality
in refractory pain conditions, and the mechanism of its sys-
temic action is unclear. Presumed sites of action are the acti-
vated sodium channels on the central and peripheral nervous
system, the dorsal root ganglia, and the sympathetic nervous
system.

Pharmacokinetics of local anesthetics
Absorption of local anesthetics
Local anesthetics are rapidly absorbed from mucous mem-
branes (conjunctiva), whereas absorption from intact skin
requires time and increased dosage. Local anesthetics are fre-
quently applied directly on or near their target via the injection
techniques of regional anesthesia, where their pharmaco-
dynamic effects are directly related to tissue concentrations in
the immediate vicinity of injection. Plasma levels of local anes-
thetic rarely bear a relationship to their desired effects; how-
ever, plasma levels are directly related to systemic toxicity. Peak
plasma levels of local anesthetic reach the highest concentra-
tions after direct intravenous or intra-arterial injection and are
lowest after subcutaneous injection (intravenous � tracheal �
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Local anesthetic
unblock

Local anesthetic
block

Local anesthetic

Inactivation gate

Inactivation

Activation

Figure 46.3. Conformational change of Na+ ion channel from active to inactive and resting state.
LA, local anesthetic.

intercostal � caudal � epidural � brachial plexus � sciatic �
subcutaneous). Following injection, local anesthetics absorbed
into the circulation are taken up first by the highly perfused
organs (brain, heart, liver, kidney, lung), and then by less well-
perfused tissues (muscle and fat).

Metabolism and clearance
Metabolism and clearance of amide-type local anesthetics
(Table 46.4) depend on liver function (hydroxylation and N-
dealkylation by microsomal cytochrome P-450) and may be
limited in any disease state that reduces hepatic blood flow
or liver function (e.g., liver disease, congestive heart failure).
An increase of �1-acid glycoprotein and other plasma pro-
teins (e.g., due to cancer, trauma, inflammatory disease) may
lead to slower hepatic metabolism and slower clearance, as
more drug is bound to proteins. However, dissociation rates
from plasma proteins are relatively rapid compared with clear-
ance rates and have only modest effects on overall biotrans-
formation. Metabolites of prilocaine and benzocaine can cause
methemoglobinemia.

Ester-type local anesthetics are hydrolyzed by plasma
pseudocholinesterase enzymes to an alkylamine and para-
aminobenzoic acid (PABA). Thus, patients with genetically
abnormal pseudocholinesterase levels are at increased risk for
toxic side effects. In addition, PABA may cause allergic reac-
tions in some patients; allergy to ester-type local anesthet-
ics is far more common than allergy to amide local anes-
thetics. Benzocaine, a local anesthetic commonly used to

produce topical anesthesia in the upper airway, exists only in
the uncharged form. It passes rapidly through the skin and is
rapidly hydrolyzed in plasma, leading to potentially high levels
of PABA. To a limited degree, the liver also extracts andmetabo-
lizes ester-type compounds (especially cocaine). Termination of
action of intrathecally administered ester-type local anesthetics
(tetracaine) is by systemic absorption into the blood, as cere-
brospinal fluid lacks the esterase enzymes. Renal disease has lit-
tle effect on the pharmacokinetics of local anesthetics.

Role of pH
Local anesthetics areweak bases that pass through the phospho-
lipid membrane into the cell when they are in their uncharged

Table 46.4. Pharmacokinetics of local anesthetics most often used
clinically

Anesthetic Relative
agent VD, L/kg CL, L/kg/h T1/2, h potencya

Amides
Lidocaine 1.3 0.85 1.6 1
Prilocaine 2.73 2.03 1.6 1
Mepivacaine 1.2 0.67 1.9 1
Ropivacaine 0.84 0.63 1.9 4
Bupivacaine 1.02 0.41 3.5 4

Esters
Chloroprocaine 0.5 2.96 0.11 0.5
Procaine 0.93 5.62 0.14 Data not available

a Measured after epidural administration.
VD, volume of distribution at steady state; CL, total plasma clearance;
T1/2, terminal half-time.
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Table 46.5. pKa and pH of commonly formulated local anesthetics

Drug pKa
a pH of solution in vial

2-Chloroprocaine 9.1 2.5–4
Procaine 8.9 5.5–6
Lidocaine 7.7 5.6 (without epinephrine)

3.5–5.5 (with epinephrine)
Levobupivacaine 8.1 4.0–6.5 (without epinephrine)
Bupivacaine 8.1 4.5–5.5 (without epinephrine)

3.5–5.5 (with epinephrine)
Mepivacaine 7.7 5.5

a Depends on temperature and ionic condition.

lipid-soluble form. However, once inside the cell, they are
rapidly converted to the charged form, which more effectively
blocks the sodium channel. The Henderson-Hasselbach equa-
tion relates the pH to the dissociation constant (pKa) and the
relative concentrations of uncharged base (B) and charged base
(BH+). Given the reaction, B+H+ ↔ BH+, the pH determines
the ratio of B and BH+.

pH = pKa + log10[B]/[BH
+].

pKa is the pH at which 50% of the local anesthetic is
uncharged ([B] = [BH+]). As shown in Table 46.5, the pKa val-
ues for commonly used local anesthetics lie within the range
between about 8 and 9. For amide local anesthetics, the pKa usu-
ally correlates with the speed of onset. In general, it is thought
that drugs with a pKa closer to the pH in the tissue surround-
ing the nerve (physiologic pH) have faster block onset, as there
are more local anesthetic molecules available in the neutral
(uncharged) form, which is largely responsible for traversing
the membranes that ensheath the nerve.

Sodium bicarbonate is often added to increase the pH
of these local anesthetic solutions, thus increasing the
concentration of nonionized lipophilic free-base.This increases
the rate of membrane permeation of the drug and its speed of
onset. Clinically, the addition of 1 mEq of sodium bicarbonate
to each 10 ml of commercially prepared 1.5% to 2% lidocaine
solution (0.1 mEq to each 10 ml bupivacaine) produces a
significantly faster onset of anesthesia and more rapid spread
of sensory block. Excessive alkalinization, particularly of more

Table 46.6. Advantages of adding epinephrine to local anesthetic drugs

Prolongs the duration of nerve block
Increases the intensity of nerve block
Decreases systemic absorption and reduces blood levels of LAD
Decreases surgical blood loss
May be used as a test dose to identify intravascular injection of LAD
Has weak local anesthetic property of its own

LAD, local anesthetic drug.

concentrated local anesthetic solutions, will cause the local
anesthetic to precipitate from solution.

Effect of lipid solubility
Lipid solubility is also an important factor in determining
the speed of onset of action. Although higher lipid solu-
bility would be expected to promote drug entry into mem-
branes by increasing the diffusion rate, very high lipophilicity
results in a dominant absorption of the drug into the mem-
brane, with concomitantly slow dissociation and net transport
across the membrane. Very lipid-soluble drugs, such as etido-
caine, have both a slow onset of action and an extraordinar-
ily long duration. Lipid solubility is directly proportional to
potency of the drug, because of hydrophobic binding to theNa+

channel.

Role of additives
Commonly used additives to local anesthetic drugs include opi-
oids and vasoconstrictors. Opioids such as fentanyl are added
to supplement analgesia. Epinephrine (5 µg/ml, or 1:200,000)
is the vasoconstrictor most commonly added to local anes-
thetic drugs. Advantages of adding epinephrine are listed in
Table 46.6. Addition of epinephrine in patients with coro-
nary artery disease and hypertension should be done with cau-
tion, as direct intravascular injection will produce tachycardia
and hypertension. Epinephrine should not be added to local
anesthetic drugs when peripheral nerve blocks are performed
in tissues with inadequate collateral blood circulation (wrist,
ankle, digits, penis) or when intravenous regional anesthesia is
administered.
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Pradeep Dinakar and Peter Gerner

Overview
The clinical application of local anesthetic agents depends on
the type of local anesthetic, stereoselectivity, clinical potency,
and the side effect profile. Local anesthetic potency is based on
amultitude of factors including time of onset of action, duration
of action, and type of regional anesthetic block.

Clinical characteristics of local anesthetics
Type of local anesthetics
Clinically used local anesthetics, as described in Chapter 46,
may be classified as amino-amides (lidocaine, mepivacaine,
prilocaine, bupivacaine, levobupivacaine, and ropivacaine),
or amino-esters (procaine, chloroprocaine, tetracaine, and
cocaine). This classification is based on the type of linkage,
which is either an amide or an ester, that links the lipophilic ben-
zene ring with the hydrophobic tertiary amine (see Table 46.2).

Amide and ester local anesthetics differ in their chemi-
cal stability, metabolism, and allergic potential. Amides are
extremely stable, whereas esters are relatively unstable, particu-
larly in neutral or alkaline solution.Amide compounds undergo
enzymatic degradation in the liver, whereas the ester com-
pounds are hydrolyzed in plasma by the pseudocholinesterase
enzymes. Cocaine, an ester, is an exception, as it is metab-
olized predominantly by the liver. The metabolites of esters
include para-aminobenzoic acid (PABA), which can occasion-
ally induce allergic-type reactions. Allergies to amides are
extremely rare.

Stereochemistry
Local anesthetics are available as individual enantiomers and
racemic mixtures. An enantiomer is one of two stereoisomers
of a given molecule that cannot be superimposed. Enantiomers
differ only in their ability to rotate the plane of polarized light,
and thus are named for the direction of that polarization, lev-
orotatory (left) or dextrorotatory (right). A racemic mixture
contains equal amounts of the two enantiomers. The two enan-
tiomers can have significantly different chemical and physio-
logic properties that are of clinical importance.

Potency of local anesthetics
Local anesthetics differ in their potency based on onset of
action, duration of action, lipid solubility, vasodilating property,
and the type of regional block.

The uncharged form of a local anesthetic is more likely
to cross the cell membrane than the charged (protonated)
form, thus the proportion of the local anesthetic that is in the
uncharged form will significantly impact the speed of onset of
action. Local anesthetics (bases) are poorly soluble in water but
can be dissolved in hydrophobic organic solvents. Therefore,
most local anesthetics are commercially formulated as themore
soluble hydrochloride salts, accounting for their low (acidic)
pH (see Table 46.5). Hence, speed of onset of local anesthet-
ics depends on their pKa and the pH of the anesthetic solu-
tion which influences the ratio of the unprotonated and pro-
tonated forms. Low pKa of an agent and high pH of the solvent
aremost favorable for rapid onset of action.Other favorable fac-
tors include high lipid solubility, low vasodilating property, and
higher dose of local anesthetic (Table 47.1).

Table 47.1. Maximum recommended doses of local anestheticsa

Drug Onsetb

Maximum dose
for plain solution,
mg/kg

Maximum
dose with
epinephrine,
mg/kgc

Lidocaine Rapid 5 7
Mepivacaine Rapid 5 7
Chloroprocaine Rapid 10 15
Prilocaine Rapid 7d 8d

Ropivacaine Slow 3 3
Bupivacaine Slow 2.0 2.5
Levobupivacaine Slow 2.5 3
Procaine Slow 8 10

a Themaximal recommended dose of local anesthetics is influenced by var-
ious factors (see text) and should be adjusted for each injection site.

b Onset times vary significantly with the injection site – for example, all the
above commonly used local anesthetics have fast onset when used for
infiltration anesthesia, but most are very slow topical anesthetics.

c Themaximal adult recommended dose of epinephrine is 250�g per dose;
for children, 3 �g/kg per dose.

d The maximal recommended adult dose of prilocaine is 600 mg because
of clinically significant methemoglobinemia.
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Table 47.2. Tissue infiltrationa

Volume for Usual
70-kg duration,

Drug person,ml min

Lidocaine 0.5%–1%, plain 70–35 30–60

Lidocaine 0.5%–1%, with epinephrine
(1:200,000–1:400,000)b

100–50 60–120

Mepivacaine 0.5%–1%, plain 70–35 45–90

Mepivacaine 0.5%–1%, with epinephrine
(1:200,000–1:400,000)b

100–50 120

Bupivacaine 0.25%–0.5%, plain 56–28 180

Bupivacaine 0.25%–0.5%, with epinephrine
(1:200,000–1:400,000)b

70–35 180

Levobupivacaine 0.25%–0.5% 70–35 120

Levobupivacaine 0.25%–0.5%, with
epinephrine (1:200,000–1:400,000)b

84–42 120

Ropivacaine 0.2%–0.5% 105–42 120

a Do not exceed the maximum dosage listed in Table 47.1.
b Caution: Themaximal adult recommended dose of epinephrine is 250 �g
per dose; for children, the maximum dose is 3 �g/kg per dose.

Theduration of action varies for each local anesthetic agent.
Bupivacaine, levobupivacaine, and ropivacaine have one of the
longest durations of anesthesia. This is followed by lidocaine,
mepivacaine, and prilocaine. Procaine and chloroprocaine have
the shortest durations (Table 47.2).

The duration and onset of action are also affected by the type
of regional block. Peripheral nerve/plexus blocks have a slow
onset of action but last the longest given their relative tissue

Table 47.3. Minor nerve blocksa,b

Volume, Usual
Drug ml duration,min

Lidocaine 1%–2%, plain 5–10 60–120

Lidocaine 1%–2%, with epinephrine
(1:200,000–1:400,000)c

5–10 120–180

Chloroprocaine 2%–3%, plain 5–10 15–30

Chloroprocaine 2%–3%, with
epinephrine (1:200,000–1:400,000)c

5–10 30–60

Mepivacaine 1%–1.5%, plain 5–10 60–120

Mepivacaine 1%–1.5%, with
epinephrine (1:200,000–1:400,000)c

5–10 120–360

Bupivacaine 0.25%–0.5%, plain 5–10 180–480

Bupivacaine 0.25%–0.5%, with
epinephrine (1:200,000–1:400,000)c

5–10 240–960

Levobupivacaine 0.25%–0.5% 5–10 180–480

Levobupivacaine 0.25%–0.5%, with
epinephrine (1:200,000–1:400,000)c

5–10 240–960

Ropivacaine 0.2%–0.5% 5–10 120–480

a Single nerve, such as ulnar or radial, and blocks below the knee.
b Of note, most minor nerve blocks are performed without the addition of
epinephrine. Epinephrine is contraindicated inblocks of thedigits or penis,
as is plain cocaine, because tissue ischemiamay result. Also, do not exceed
maximum dosage listed when blocking several nerves simultaneously.

c Caution: The maximal adult recommended dose of epinephrine is 250 �g
per dose; for children, the maximum dose is 3 �g/kg per dose.

Table 47.4. Major nerve blocksa,b

Volume, Usual
Drug ml duration,min

Lidocaine 1%–2%, plain 50–30 60–180

Lidocaine 1%–2%, with epinephrine
(1:200,000–1:400,000)c

50–30 120–240

Mepivacaine 1%–1.5%, plain 50–30 60–180

Mepivacaine 1%–1.5%, with epinephrine
(1:200,000–1:400,000)c

50–30 180–300

Levobupivacaine 0.25%–0.5%, plain 50–30 180–270

Levobupivacaine 0.25%–0.5%, with
epinephrine (1:200,000–1:400,000)c

50–30 360–1440

Ropivacaine 0.5%–0.75%, plain or with
epinephrine (1:200,000–1:400,000)c

50–30 360–720

a Several nerves or a plexus.
b Do not exceed maximum dosage listed in Table 47.1.
c Caution: The maximal adult recommended dose of epinephrine is 250 �g
per dose; for children, the maximum dose is 3 �g/kg per dose.

avascularity and large block volume required (Table 47.3 and
Table 47.4). Intrathecal, epidural, and subcutaneous blocks have
a much faster onset of action but have a much shorter duration
of action (Table 47.5 and Table 47.6).

Local anesthetic toxicity
Local anesthetics are the mainstay of regional anesthesia and
pain management; however, their toxicity is a major limitation
to their use. Because of the constant concern about systemic or
local neurotoxicity, clinicians have to use the lowest concentra-
tions/dosages of local anesthetics possible, thereby effectively
limiting the full potential of these agents, lowering the success
rate, and shortening the duration of block.

Table 47.5. Epidural anesthesiaa

Volume, Usual
Drug ml duration,min

Chloroprocaine 2%–3%, plain or
with epinephrine (1:200,000)

30–15 30–60

Lidocaine 1%–2%, plain 25–15 45–60

Lidocaine 1%–2%, with epinephrine
(1:200,000)

25–15 60–75

Mepivacaine 1%–2%, plain 25–15 45–75

Mepivacaine 1%–2%, with
epinephrine (1:200,000)

25–15 60–180

Bupivacaine 0.25%–0.75%, plain 20–10 90–240

Bupivacaine 0.25%–0.75%, with
epinephrine (1:200,000)

25–10 120–300

Levobupivacaine 0.25%–0.75%, 25–10 Same as plain

Levobupivacaine 0.25%–0.75%,
with epinephrine (1:200,000)

30–10 bupivacaine

Ropivacaine 0.2%–1.0%, plain or
with epinephrine (1:200,000)

20–10 90–300

a Do not exceed the maximum recommended dose listed in Table 47.1.
Administration in fractionated doses of 3–5 ml is recommended.
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Table 47.6. Spinal anesthesia: commonly used agents/doses

Usual duration,
Drug Dose,mg min

Procaine 5%–10% 80–160 30–75
Lidocaine 1%–2% 20–100 30–90
Mepivacaine 1.5%–4% 20–80 30–90
Bupivacaine 0.5%–0.75% 5–18 75–300
Levobupivacaine Same as bupivacaine
Ropivacaine 0.5%–1% 8–18 75–300

Direct local toxicity (direct neurotoxicity and nerve degen-
eration) may occur at clinically used concentrations and cause
permanent nerve lesions.This is particularly disabling, as its fre-
quency is greater in the spinal cord than in peripheral nerves,
potentially causing damage to the nerves of the cauda equina
(cauda equina syndrome, which manifests with varying neuro-
logic deficits depending on the nerves affected, including incon-
tinence, impotence, and paresthesia in the buttocks, perineal
area, and legs), and even paraplegia. Transient neurologic symp-
toms (TNS) have been reported after spinal anesthesia with
almost every local anesthetic agent, especially lidocaine. The
cause is thought to be direct irritation of one or more spinal
nerves, characterized by burning pain in the lower extremities
and the buttocks. Symptoms usually resolve over 3 to 5 days
(Table 47.7).

Systemic toxicity may occur as a result of vascular absorp-
tion or accidental intravascular injection of local anesthetics.
Systemic toxicity usually is heralded by restlessness, twitch-
ing, metallic taste, and seizures. Severe systemic toxicity mani-
fests as generalized seizures and cardiac arrhythmias, which can
progress to ventricular tachycardia and asystole at higher blood
levels. Usually, much higher blood levels of local anesthetic
(about three times) are required to cause cardiotoxicity than
to cause neurotoxicity. Lidocaine and bupivacaine (approved
by the US Food and Drug Administration in 1947 and 1963,
respectively) are still the two most widely used local anesthetic
agents. Bupivacaine is more cardiotoxic than lidocaine, in part

Table 47.7. Symptoms and signs of local anesthetic toxicity

Central nervous system Transient neurologic symptoms, cauda equina
syndrome, dizziness, perioral and tongue
numbness, blurred vision, tinnitus, restlessness,
agitation, slurred speech, seizures,
unconsciousness

Respiratory system Decreased ventilatory drive to hypoxia, apnea,
depression of respiratory center in the medulla

Cardiovascular system Decreased myocardial automaticity,
contractility–bradycardia, ventricular
arrhythmias, heart block, hypotension,
cardiac arrest

Hematologic system Decreased platelet aggregation, increased
fibrinolysis, deceased embolic events

Prolonged action of Muscle relaxants, opioids

Action prolonged by Propranolol, cimetidine – decreased hepatic
blood flow

because it binds to and dissociates more slowly from sodium
channels than lidocaine. Two homologues of bupivacaine, ropi-
vacaine (less lipid soluble) and levobupivacaine (stereoisomer
of bupivacaine), are believed to be less toxic than racemic bupi-
vacaine. However, neither is dramatically less toxic, as evi-
denced by similar dosage guidelines and recurring case reports
of their toxicity, including fatalities.

In recent years, the administration of intravenous intralipid
solution, termed lipid rescue, has shown some promise of reduc-
ing systemic local anesthetic toxicity. Specifically, the intra-
venous administration of a 20% intralipid solution in a dose of
1.5 ml/kg as an initial bolus, followed by 0.25 ml/kg/min for 30
to 60 minutes has been shown to improve the survival of ani-
mals with bupivacaine-induced asystole.

Currently, there is no therapy for permanent nerve dam-
age from local anesthetics, either in the spinal cord or the
peripheral nervous system. Minor reactions to local anesthetic
agents may resolve spontaneously, probably by repair of neu-
ronal damage. The best approach is to adopt practices that
minimize the risk of systemic local anesthetic toxicity. Admin-
istering local anesthetic in small, incremental doses while
frequently assessing the patient for signs or symptoms of tox-
icity is prudent. If the restlessness, twitching, metallic taste or
seizures appear, further administration of any local anesthetic
should be halted and oxygen/airway management provided
immediately. Seizures are most often transient, but persistent
seizures can be treatedwith thiopental, propofol, ormidazolam.
In the event of cardiac arrest, cardiopulmonary resuscitation
and standard treatment of any apparent arrhythmias, includ-
ing direct cardiac defibrillation should be instituted. Lipid res-
cue should be considered if standard resuscitationmeasures fail.
Prompt efforts to institute cardiopulmonary bypass can be life-
saving.

Clinically used local anesthetics
Amino-amide local anesthetics
Lidocaine
Lidocaine, the first widely used local anesthetic, is available for
infiltration aswell as peripheral (including intravenous regional
anesthesia of Bier block), spinal, and epidural blocks. It has a
rapid onset of action, moderate duration of action limited by
its vasodilating properties, and a favorable side effect profile.
Its use for spinal anesthesia has declined because of concerns
about neurotoxicity and transient neurologic symptoms. It can
be applied topically as an ointment or jelly, or nebulized as
an aerosol to anesthetize the upper airway. Intravenous injec-
tion of lidocaine to achieve lowplasma levels (�5�g/ml) results
in systemic analgesia; this is due to lidocaine’s action in the
central nervous system (CNS) as well as its effect on periph-
eral nerves or cutaneous nerve endings. Clinically, lidocaine has
been administered as an infusion to treat chronic neuropathic
pain and can predict the efficacy of oral sodium channel block-
ing drugs, such as mexiletine.

290



Chapter 47 – Clinical Applications of Local Anesthetics

Lidocaine causes vasodilation at most concentrations.Thus,
the addition of epinephrine can significantly reduce the
absorption of lidocaine by nearby vasculature, allowingmore of
the initially administered dose to rapidly enter the neural com-
partment, thereby prolonging the duration of action by asmuch
as 50%. Experimentally, intravenous lidocaine profoundly sup-
presses both increased peripheral neuronal “firing” induced
by injury and inflammation and central sensitization of wide
dynamic range neurons in the dorsal horn of the spinal cord.

Prilocaine
Prilocaine has a clinical profile similar to that of lidocaine and
is used for infiltration, peripheral nerve blocks, and spinal and
epidural anesthesia. Because prilocaine causes significantly less
vasodilation than lidocaine, addition of epinephrine is not nec-
essary to prolong the duration of action. This may be advan-
tageous when epinephrine is contraindicated. Prilocaine shows
the least systemic toxicity of all the amide local anesthetics;
therefore, it is useful for intravenous regional anesthesia. How-
ever, because it causes methemoglobinemia (�500 mg dose)
because of its metabolite, o-toluidine, it largely has been aban-
doned for regional anesthetic use.

Mepivacaine
The anesthetic profile of mepivacaine is also similar to that of
lidocaine, but its duration of action is slightly longer. However,
it is not as effective when applied topically. Although toxic-
ity appears to be less than that with lidocaine, the metabolism
of mepivacaine is prolonged in the fetus and newborn. Con-
sequently, mepivacaine is not used for obstetric anesthesia.
Vasodilation is mild, but adding epinephrine can attain signifi-
cant prolongation of action.

Bupivacaine
Bupivacaine provides prolonged and intense sensory analgesia,
often outlasting the motor block. For epidural analgesia and
anesthesia, bupivacaine usually is used at concentrations from
0.25% to 0.5%, with a 2- to 5-hour duration of action. Periph-
eral nerve blocks are also performed with these concentrations,
depending on the amount ofmotor block sought.Theblockmay
last for 12 to 24 hours. Intrathecal use provides approximately
2 to 3 hours of anesthesia and 4 to 6 hours of analgesia. Other
clinical uses include tissue infiltration with 0.25% concentra-
tion, useful in “trigger point” injections for treating myofascial
pain. Epinephrine is sometimes added as a marker for intravas-
cular injection and to prolong the duration of action because of
its decreased vascular absorption. However, as vasoconstriction
has less impact on the duration of more hydrophobic agents,
epinephrine is more commonly added to agents that are more
hydrophilic, such as lidocaine.

Many reports of sudden cardiac arrest with bupivacaine
injectionwere associatedwith considerablemorbidity andmor-
tality. This agent’s high affinity for the local anesthetic recep-
tor protein and its high lipid solubility may be the main
causes. By consensus, the 0.75% concentration of bupivacaine

is not used in obstetrics because of the associated mortality/
toxicity.

Levobupivacaine
Levobupivacaine is the S-enantiomer of bupivacaine, which is
a racemic mixture containing equal amounts of the R and S
enantiomers. Compared with bupivacaine, the CNS and car-
diovascular toxicity of levobupivacaine is considerably reduced,
allowing a larger dose to be given. The clinical profile and
potency of levobupivacaine appear similar to those of bupiva-
caine. Levobupivacaine is particularly useful when large doses
are required, as for plexus blocks.

Ropivacaine
Concerns about the cardiotoxicity of bupivacaine led to the
development of ropivacaine. Ropivacaine can be administered
in larger doses than bupivacaine before early signs of toxicity
develop. The clinical profile of ropivacaine is similar to that
of bupivacaine, but ropivacaine is less lipid soluble and less
potent than bupivacaine. Epidural application may allow for
even greater sensory block without significant motor block. An
intrinsic vasoconstricting effect (also true for levobupivacaine)
may augment the duration of action and reduce the incidence
of cardiotoxicity.

Amino-ester local anesthetics
Procaine
Procaine was used mainly for infiltration and spinal blocks in
the last century, before lidocaine use became popular (Table
46.2). Low potency, slow onset (probably a result of its high dis-
sociation constant [pKa]), and short duration of action all limit
the use of procaine. Allergic reactions are possible because of
the production of the metabolite PABA (see Figure 47.1).

Chloroprocaine
Because of its relatively low potency and extremely low toxicity,
relatively high concentrations of chloroprocaine can be used.
This agent also has an extremely short plasma half-life because
it is metabolized very rapidly by cholinesterase. Reports of CNS
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Figure 47.1. Metabolism of a typical ester local anesthetic.
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toxicity are extremely unusual. Chloroprocaine is thought to
have the lowest CNS and cardiovascular toxicity rates of all
agents in current use. Chloroprocaine is used commonly for
epidural anesthesia. It also is used for peripheral blocks in com-
bination with other long-acting, slow-onset local anesthetics,
for the combined effect of rapid onset and prolonged duration.
In obstetrics, epidural chloroprocaine, with or without bicar-
bonate, is used to rapidly attain surgical levels of anesthesia in
preparation for cesarean section. Another advantage in obstet-
rics is that there is virtually no transmission of chloroprocaine
to the fetus. Epidurally administered chloroprocaine may, how-
ever, interfere with the action of epidurally administered amide
anesthetics or opioids.

There is controversy regarding the use of chloroprocaine
related to reports of persistent, serious neurologic deficits as-
sociated with accidental massive subarachnoid injection. Ini-
tially, the agent itself was thought to be implicated. Subsequent
evaluation suggests that the preservative, antioxidant bisulfite,
may by itself produce the phenomenon. However, after elimi-
nation of bisulfite, several reports of back pain appeared. More-
over, renewed interest led to a report suggesting that bisulfite
actually may have been neuroprotective in an animal model.

Tetracaine
Tetracaine is a slow-onset, potent, intermediate- to long-acting
ester-type local anesthetic. Even longer duration of action can
be achieved when it is administered with a vasoconstrictor such
as epinephrine; however, it is quite toxic. Animal studies suggest
that tetracainemight cause neurotoxicity at high doses andmay
cause cauda equina syndrome with repeated spinal dosing. It is
usedmainly topically or sometimes for spinal anesthesia. Tetra-
caine is highly lipid soluble, and a significant amount may get
absorbed when used on mucous membranes or wounded skin.

Cocaine
Cocaine, the only naturally occurring local anesthetic used clin-
ically, is also the only local anesthetic that causes intense vaso-
constriction. Thus, it is used as a topical anesthetic, such as
in anesthetizing the cornea or the nasal airway before endo-
tracheal intubation. Cocaine inhibits the neuronal reuptake of
catecholamines and therefore may cause hypertension, tachy-
cardia, dysrhythmias, and other serious cardiac effects.

Benzocaine
Benzocaine has a slow onset and short duration of action
and is both minimally potent and minimally toxic. Its clini-
cal use is limited to topical anesthesia to anesthetize mucous
membranes – for example, to anesthetize the oral and pharyn-
geal mucosa before fiberoptic endotracheal intubation. Exces-
sive use of benzocaine is associated with methemoglobinemia.

Mixture of local anesthetics
The rationale for mixing local anesthetics is an attempt to
benefit from their respective pharmacokinetics: a quick onset
with the short-acting drug while prolonging anesthesia with

the long-acting drug. However, the beneficial effects of local
anesthetic agent mixtures may be overstated. For example,
bupivacaine provides a clinically acceptable onset of action as
well as prolonged anesthesia. In addition, catheter techniques
formany forms of regional anesthesiamake it possible to extend
the duration of action of rapid- and short-acting agents such
as chloroprocaine and lidocaine. Most importantly, one should
be cautioned against the use of maximum doses of two local
anesthetics. Toxicities of these agents are independent; the tox-
icities should be presumed to be additive, or even synergistic/
supra-additive.

Topical local anesthetics
Eutectic mixture of local anesthetic
Eutectic mixture of local anesthetic (EMLA) cream is a mixture
of lidocaine and prilocaine, each at a concentration of 2.5%. It
is a eutectic mixture because it has a melting point below room
temperature and therefore exists as a viscous liquid rather than
a solid powder. EMLA should be applied to intact skin sur-
faces, because application to breached skin surfaces may lead to
unpredictably rapid absorption. It provides dermal analgesia by
the release of the lidocaine and prilocaine from the cream into
the skin, which leads to blockade of pain transmission originat-
ing from the free nerve endings.Theonset, quality, and duration
of dermal analgesia depend primarily on the duration of skin
application. Although there is considerable interpatient varia-
tion, EMLA cream should be applied under an occlusive dress-
ing for about 1 hour to provide adequate analgesia for insertion
of an intravenous catheter. The maximum recommended dura-
tion of exposure is 4 hours, although exposures of up to 24 hours
have not led to toxic plasma levels of local anesthetics.

For intravenous catheter placement or the drawing of blood,
roughly 2.5 g of the cream should be applied over a 25-cm2

area of skin, about 1 hour before the procedure. Caution must
be taken in children or very small adults, as plasma levels of
lidocaine and prilocaine depend on patient size and the rate of
systemic drug elimination.A large application area, a long dura-
tion of application, and impaired eliminationmay result in high
blood values of the local anesthetics.

Lidocaine patch (5%)
The lidocaine patch (Lidoderm; Endo Pharmaceuticals,
Newark, DE) was approved by the US Food and Drug Admin-
istration in 1999 for the treatment of pain associated with
postherpetic neuralgia, a chronic neuropathic pain condition.
The patch is a topical delivery system intended to deliver low
doses of lidocaine to superficially damaged or dysfunctional
cutaneous nociceptors in an amount sufficient to produce
analgesia but not mechanosensory block. Its recommended
dosing is an application of up to three patches to intact painful
skin areas for 12 hours per day.

Pharmacokinetic studies have demonstrated that clinically
insignificant plasma levels are achieved with this formulation.
The levels are one tenth of those required to produce cardiac
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activity and 1/32 of those required to produce toxicity. How-
ever, patients often report pain relief even during the 12 hours
between patch applications, although lidocaine plasma half-life
is much shorter. This suggests that some cumulative benefit
results from prolonged delivery of the drug.
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Introduction
The primary goal of anesthesia is to provide patient comfort
and safety during surgery or to facilitate the surgical procedure
itself. Anesthesia can be general, regional, and local, depending
on the needs of the patient and surgeon. In this chapter, we will
discuss general anesthesia.

General anesthesia is a reversible drug-induced state of
unconsciousness with hypnosis, amnesia, analgesia, and elimi-
nation of the patient response to the painful stimuli, sometimes
accompanied by paralysis.

Preoperative preparation
Preoperative evaluation
Preparation for administration of general anesthesia is affected
by whether the surgery is elective or emergency, the extent of
the procedure, and the patient’s comorbidities. Table 48.1 sum-
marizes the steps usually involved in preoperative preparation.

For elective procedures, a preoperative visit to the hospi-
tal’s pre-admitting test center several days before surgery can
have tremendous value. This is an opportunity to evaluate the
patient for comorbidities, perform necessary tests and con-
sults, discuss the anesthesia plan with the patient, and address
the patient’s concerns. Anesthesia information leaflets provided
preoperatively have been shown to have a significant effect on
patient satisfaction and are a way to evaluate comorbidities,
decrease patient anxiety, and prevent an unnecessary cancella-
tion of surgery.

Decisions regarding specific preoperative tests and proce-
dures should be individualized and depend on information
obtained from patient’s medical record, history and physical
examination, and the type and invasiveness of the planned pro-
cedure. For example, a patient with renal failure may need
dialysis before the procedure, a patient with an implantable
cardioverter–defibrillator may need the device turned off, or
a hypovolemic patient may need fluid resuscitation before
induction to minimize hemodynamic instability. Of course, in
an emergency situation, time for preparation is scarce. The
most important aspects of the preoperative evaluation include
a problem and medication list, allergies, NPO (nothing by
mouth) status, chest examination, and airway evaluation.

Preparing anesthesia equipment
There are basic steps that need to be addressed before each
anesthesia case, including anesthesia machine checkout, prepa-
ration of appropriate equipment for intubation, basic ASA
(American Society of Anesthesiologists) monitors, and medi-
cations. In trauma centers, it is necessary to have a dedicated
trauma room available at all times for emergent cases. This
room should be checked on a daily basis and contain medica-
tions, intravenous (IV) fluids, a rapid infusion device, and other
equipment ready to be used. Obstetric centers should have a
dedicated emergency cesarean section room.

Preparing the patient
Discussion of the anesthetic plan with the patient or guardian
will help address his or her concerns and help ease the patient’s
anxiety. An informed consent should also be obtained at this
time, although it may not always be possible in emergent cases.
In such a situation, the attempt to obtain informed consent and
the reasons for proceeding without it should be clearly doc-
umented in the chart before the surgical procedure is under-
taken. The anesthesiologist should also become familiar with
the surgical plan.

Table 48.1. Preoperative preparation

Preoperative preparation step Considerations

Evaluating the patient History and physical
Laboratory tests
NPO status
Airway evaluation
Anesthetic plan

Preparing anesthesia equipment Anesthesia machine
Monitors
Fluid warmer
Emergency medications

Preparing the patient Discussion of anesthetic plan
Obtaining consent
Preoperative medication
Line placement

Assessing need for blood products Type and screen, cross-match,
contact blood bank
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IV access
Adequate and reliable IV access is an important part of prepa-
ration for anesthesia and surgery. In surgeries with significant
risk of bleeding or fluid loss, at least two large-bore IV lines
(≥16-gauge) are necessary. If a reliable peripheral IV line is not
available, central line placement should be considered. When
obtaining access, it is important to pay attention to patient-
specific factors, such as history of radical mastectomy or pre-
vious arteriovenous fistula.

Premedication
Relief of anxiety and pain is an important aspect of premedica-
tion. Reassurance and appropriate interaction with the patient
are effective ways to relieve patient anxiety. One may use a ben-
zodiazepine or an opioid premedication, with midazolam and
fentanyl being the most commonly used agents for this pur-
pose. Occasionally, clonidine and other medications are used as
well. In the case of an emergency surgery or underlying gastro-
esophageal reflux, H2-receptor blockers and metoclopramide
may be given by slow intravenous infusion.Metaclopramide is a
useful tool to promote gastric emptying, but itmust be adminis-
tered slowly, over 3 to 4 minutes. If given as a rapid bolus injec-
tion, it often results in severe anxiety or panic attack. If an awake
fiber-optic intubation is part of the anesthetic plan, glyco-
pyrrolatemay be used to decrease airway secretions, and airway
topicalization with local anesthetic and phenylephrine or
oxymetazoline spray, if the nasotracheal route is planned, may
be performed. Sometimes �-blockers are administered pre-
operatively to control heart rate, especially in patients with
ischemic heart disease.

Blood products
Blood product availability is important any time there is pos-
sibility of significant bleeding. Before surgery is begun, there
should be clear documentation that the blood or blood prod-
ucts previously requested to be put on reserve are indeed avail-
able.There should be clear communication with the blood bank
whenever the emergency release of blood products is necessary.

Monitoring plan
The decision for additional monitoring is usually made during
the preoperative evaluation and sometimes may evolve during
surgery. In addition to basic ASA monitoring required for all
patients undergoing general anesthesia, the following may be
necessary:
Arterial line: Indications include significant blood loss and
fluid shifts, as well as underlying comorbidities that can
result in hemodynamic instability. An indwelling arterial
line is a convenient way to draw arterial blood gases. An
arterial line is also indicated when the surgery itself is
associated with rapid changes in blood pressure, for
example, resection of a pheochromocytoma or clipping of an
intracranial aneurysm.

Central venous pressure line and pulmonary artery catheter:
Indications may include patients with significant cardiac or
renal disease undergoing major surgery, large fluid shifts
and blood loss, and the possibility of significant change in
peripheral vascular resistance and cardiac output. With the
advent of portable ultrasound devices to aid in insertion of a
central venous catheter, these devices should be used
whenever possible to decrease the incidence of inadvertent
carotid artery puncture or cannulation.
Transesophageal echocardiogram (TEE): TEE may be used in
cardiovascular surgery or in patients with reduced cardiac
function undergoing major surgery. It is increasingly being
used instead of a pulmonary artery catheter in cardiac
surgery. An evaluation by TEE may be required to obtain the
most precise information to guide surgical interventions
(e.g., myocardial revascularization, valvular competence,
and repair of congenital heart defects), pharmacologic
support, or fluid administration in the perioperative
period.
Esophageal Doppler monitor (EDM):The EDM is a
promising noninvasive technique to estimate left ventricular
preload and cardiac output. An esophageal probe is inserted
into the lower esophagus. Blood flow in the descending
aorta is calculated from the area under the velocity–time
curve and the aortic cross-sectional area.
Foley catheter: Urine output monitoring is necessary
whenever there is a risk of significant bleeding, fluid shifts,
long surgical time, or preexisting renal impairment. A Foley
catheter is also employed for abdominal hysterectomy and
other major gynecologic procedures to monitor urine output
in case a ureter is inadvertanly transected during the
procedure. If suspected, the surgeon will ask the anesthetist
to administer methylene blue, which appears in the Foley
bag within minutes. If irrigation fluid in the surgical field
turns blue after the methylene blue is given, it indicates that
a ureter or the bladder may have been lacerated.
Bispectral index (BIS) monitor (or other depth-of-anesthesia
monitors):This monitor has become popular with increasing
scientific and media attention about awareness under
anesthesia. The utility of electroencephalogram monitoring
remains controversial. Patients at high risk for awareness
under anesthesia include those undergoing cardiac surgery,
trauma surgery, or obstetric surgery under general
anesthesia, and those with unusually high anesthetic
requirements.

Induction of anesthesia
Application of appropriate monitoring, measuring of prein-
duction vital signs, and preoxygenation should precede induc-
tion of anesthesia. In emergency and trauma cases, additional
preinduction considerations may include full-stomach precau-
tions, possibility of alcohol and drug intoxication, and cervical
spine and hemodynamic instability. Table 48.2 outlines com-
mon induction-related issues and considerations.
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Table 48.2. Induction of anesthesia

Induction-related issue Considerations

Choice of anesthetic agent Intravenous
Intramuscular
Inhalational

Stages of anesthesia Guedel’s stages of anesthesia (Table 48.3)

Airway management Endotracheal tube
Laryngeal mask airway
Fiberoptic intubation
Management of a difficult intubation

Positioning Nerve and soft tissue injury
Hemodynamic changes

Choice of anesthetic agents
Inhalation induction, using only inhalational agents, is often
chosen for induction of general anesthesia in children and occa-
sionally in adults when IV access is difficult to obtain prior to
induction. An inhalational induction is also used, with an IV in
place, when the airway is compromised and the goal is to main-
tain spontaneous respiration throughout the induction until the
airway can be secured with an endotracheal tube. Most com-
monly, sevoflurane is used as it is thought to be relatively non-
irritating to the airway, although other agents, such as isoflurane
and halothane also have been used successfully. Table 48.3 out-
lines Guedel’s four stages of general anesthesia. Guedel’s stages
were formulated around the time ofWorldWar II to aidmedical
corps and nursing personnel in administering ether because it
was the only induction agent used at the time. When using the
newer inhalational agents, it is more difficult to appreciate the
stages, especially when an IV induction agent, such as propofol,
is used along with them.

IV induction agents are considered the principal route of
anesthetic induction, especially in adults and in emergency
cases. In emergency cases, induction is usually performed in
rapid sequence (see later) and with in-line neck stabilization
in trauma cases. In hemodynamically unstable patients, etomi-
date or ketamine may be a better choice. Muscle relaxants are
used to improve intubating conditions. With the exception of

rapid-sequence induction, the ability to ventilate the lungs
is usually assessed prior to the administration of a muscle
relaxant.

Rapid-sequence induction refers to induction in which the
IV injection of a drug to produce unconsciousness is followed
immediately by a neuromuscular blocking drug that produces
a rapid onset of skeletal muscle paralysis (e.g., succinylcholine).
Mask ventilation is traditionally avoided until the patient’s air-
way is secured with an endotracheal tube. In addition, cricoid
pressure may be applied from the beginning of induction until
the correct placement of the endotracheal tube is confirmed.
The goal of these maneuvers is to reduce the risk of aspi-
ration during induction. Therefore, rapid-sequence induction
is typically performed in patients with significant reflux dis-
ease, bowel obstruction, or a full stomach, and in trauma
patients and pregnant patients. All are considered a high risk for
aspiration.

Intramuscular induction agents, mainly ketamine, occa-
sionally are used in combative, mentally challenged patients.
Detailed information about different induction agents can be
found in Chapter 34.

Airway management and anesthetic techniques
The decision to use mask ventilation, laryngeal mask airway,
or an endotracheal tube (orotracheal vs. nasotracheal) depends
on the risk of aspiration, necessity of muscle relaxation, length
of surgery, and patient positioning. Regardless of the primary
plan of airway management, anesthesiologists must always be
prepared for the need to perform an endotracheal intubation.
This requires precise preoperative evaluation of the airway and
readiness to deal with potentially difficult intubations. A dif-
ficult intubation cart should be readily available. Discussion
regarding management of a difficult intubation is presented
elsewhere in the text. Hemodynamic effects of laryngoscopy
may be significant and severe degrees of arterial oxygen desat-
uration may occur if the anesthesiologist is unable to insert
quickly an endotracheal tube. It is always advisable to pre-
oxygenate before attempting endotracheal intubation, espe-
cially when a difficult airway is suspected or encountered.

Table 48.3. Guedel’s stages of general anesthesia with ether as the sole agent

Guedel’s clinical criteria, simplified

Risk of
General Respiratory Eyeball Pupil Eyelid vomiting,

Stage description pattern activity size reflex laryngospasm

I Analgesia Slow, regular Baseline Baseline Present

II Delirium
Excitement
Unconsciousness

Irregular Markedly increased Reactive to light, may
be dilated

Present, starts to
disappear

Increased

III Surgical anesthesia Regular, then
progresses to
complete paralysis

Decreases progressively,
then ceases

Gradual dilation None

IV Respiratory paralysis
Cardiovascular collapse

Complete paralysis None Complete dilation None
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Positioning
Proper patient positioning requires particular attention from
the anesthesia team to avoid pressure on the peripheral nerves
and soft tissues.This is especially important in the prone, lateral,
and lithotomy positions. Hemodynamic effects of positioning
may be significant as well. In a patient with an arteriovenous
fistula, it is important to avoid excessive pressure and to con-
firm its patency.

Maintenance
Maintenance of anesthesia is achieved with either IV or inhala-
tional agents, or a combination thereof. Close attention to the
patient’s vital signs, ventilation, the surgical field, and blood loss
is an important aspect of care during this time. Communication
with the surgical team also is important. For example, excessive
pressure on the diaphragm might be the reason for bradycar-
dia, or if it is challenging to catch up with blood loss, the sur-
geonmay be able to temporarily stop the procedure and prevent
ongoing bleeding by applying direct pressure on the vessels.

The total IV anesthesia (TIVA) technique uses only IV drugs
for the induction and maintenance of anesthesia. Drugs used
for this technique may include hypnotics such as propofol, opi-
oids such as fentanyl and remifentanil, and sometimes a muscle
relaxant. No inhalational agents are used for this type of anes-
thesia. TIVA is the main route of administration of anesthesia
in patients susceptible to malignant hyperthermia (MH). This
mode of anesthesia may be associated with less postoperative
nausea and vomiting. A detailed description of this technique
is discussed in Chapter 49.

Inhalational anesthetic techniques are widely used and are
an alternative to TIVA. These agents, except for nitrous oxide
(N2O), are not safe to use in MH-susceptible patients. Desflu-
rane is a potential airway irritant, and caution is advised when
using it in patients with reactive airway disease.

Opioids and N2O (65%–75%) are safe agents in MH-
susceptible patients.The likelihood of intraoperative awareness
with the pure opioid/N2O method is greater than with other
general anesthetic techniques. Use of depth-of-anesthesiamon-
itoring is advised along with a propofol by infusion or inter-
mittent boluses to help ensure an adequate anesthetic depth. A
bispectral anesthesia depth monitor is of particular value in
such situations. N2O is contraindicated in surgery for bowel
obstruction, pneumothorax, or in pneumoencephalograms
due to its tendency to diffuse into closed air spaces, and is
relatively contraindicated in patients with severe pulmonary
hypertension.

Fluid management
In calculating fluid requirements under anesthesia, one needs
to consider the fluid deficit fromNPO status, maintenance fluid
requirements, additional fluid requirements secondary to blood
and other fluid loss, and metabolic state. Other fluid losses
include evaporative loss (depending on the size of the incision),

losses through the gastrointestinal and respiratory systems, and
third space loss. The maintenance fluid requirement is calcu-
lated based on weight: 4 ml/kg/h for the first 10 kg of weight,
2 ml/kg/h for �10 kg up to 20 kg of weight, and 1 ml/kg/h
thereafter. For example, the maintenance fluid requirement for
a 70-kg man is 110 ml/h. Fluid deficit is calculated based on the
maintenance fluid requirement times the number of hours the
patient has been NPO. Replacement of blood by crystalloid is
roughly calculated by a ratio of 1:3 and for colloid by the ratio
of 1:1. This means that every milliliter of blood loss should be
replaced with 3 ml of crystalloid or 1 ml of colloid. When the
decision is made to replace blood with packed red blood cells
(PRBC), the ratio is 1:2 because the hematocrit of PRBC is twice
that of whole blood. Crystalloid versus colloid replacement of
fluid loss has long been debated. There is no consensus regard-
ing the current outcome data, as eachmethod has its advantages
and disadvantages.

Blood components may be necessary during surgery if
blood loss exceeds the allowable amount or if there is continu-
ous loss and the patient remains unstable.With rapid blood loss,
measured hematocrit may not be accurate. The threshold for
blood transfusion also depends on the patient’s age and coex-
isting diseases. In the case of massive transfusion, the admin-
istration of platelets and fresh frozen plasma may be necessary.
Detailed information about transfusion and fluid management
may be found in Sections XI and XII of this textbook.

Pain management
The ASA practice guidelines recommend using two analgesic
agents that have a single route but act by different mechanisms,
allowing better analgesic response with equal or fewer adverse
effects. Examples include the administration of epidural opioids
with local anesthetics or clonidine, or administration of IV opi-
oids in combination with ketorolac or ketamine. Multimodal
pain management is a growing trend in acute postoperative
pain management. It has been shown that nociceptive neurons
are involved primarily in the attraction of opioid-containing
leukocytes during early stages of inflammation. Compared with
patient-controlled IV analgesia, epidural analgesiamay result in
significantly decreased migration of �-endorphin–containing
leukocytes to the injured site 24 hours after surgery. Regional
anesthesia such as epidural, peripheral nerve block, single dose,
or continuous nerve block may improve postoperative pain
control and reduce the inflammatory response. Acupuncture
also has been shown to reduce the analgesic requirement by up
to 21%. Clonidine has been used for postoperative pain control,
with dose-dependent side effects of hypotension and sedation.
Nonsteroidal anti-inflammatory drugs, opioids, ketamine, and
clonidine all have been used in multimodal pain management.

Intraoperative problems
Airway difficulties, hypotension, arrhythmias, anaphylaxis, and
emergence have been shown to cause the most serious intra-
operative anesthesia problems. A trained anesthesiologist will
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have an armamentarium of “mental algorithms” to quickly
approach these serious problems and also to resolve less seri-
ous but common intraoperative problems.

Table 48.4 provides an overview of common intraoperative
problems thatmay occur during anesthesia. Table 48.5 is amore
elaborate algorithmic approach to intraoperative hypoxemia.
Neither of these tables represents an exhaustive presentation of
the topics.

In the following sections, selected intraoperative problems
are discussed.

Hypotension
Hypotension is very common during induction. Anesthetics
cause a dose-dependent decrease in blood pressure as a result of
pharmacologically induced myocardial depression, decreased
systemic vascular resistance (SVR) from lowered sympathetic
outflow, or both. Compounding this hypotensive tendency is
the possibility that the patient may be dehydrated andmay have
reduced preload.

The usual, initial approach to dealing with intraoperative
hypotension is to treat it immediately with a single dose of a
short-acting pressor such as phenylephrine, 40 to 80 �g IV,
ephedrine, 5 to 10 mg IV, to lighten the anesthesia if feasible;
and to infuse fluid boluses.

The use of pressors and fluids is often the only temporiz-
ing measure until the source of hypotension is identified and
resolved. Besides the anesthetic, other causes include surgi-
cal procedure itself (e.g., bleeding, retractors compressing the
inferior vena cava), the patient’s medical condition necessitat-
ing the surgical procedure (e.g., septic shock, ruptured aortic
aneurysm, trauma), or co-morbidities (e.g., heart failure).

It is also important to recognize that spinal or epidu-
ral anesthesia should not be used in patients with hemor-
rhagic hypotension from acute blood loss, such as a gunshot
wound to the lower extremity. In such patients, the onset of a
sympathetic block from the regional anestheticmay cause pool-
ing of blood in the lower extremities, thereby decreasing venous
return to the heart (preload) and exacerbating the hypoten-
sion. In extreme cases, pulseless electrical activity and death can
result.

Hypertension
Hypertension also is commonly encountered.Most brief hyper-
tensive episodes are benign and are related to a sudden increase
in surgical stimulation. Thus, the best first option is simply to
deepen anesthesia with an IV bolus of propofol and to increase
the concentration of a volatile inhaled anesthetic. Administra-
tion of an opioidmedication such as fentanyl alsomay be appro-
priate.

If inadequate anesthetic depth likely is not the contributor to
hypertension, practitioners generally consider the use of short-
acting antihypertensive medication (e.g., nitroglycerin, 40 �g
IV bolus), especially when the hypertensive episode may be
catastrophic (e.g., bleeding intracranial aneurysm).

Infusion of a short-acting antihypertensive drug (e.g., nitro-
glycerin, nitroprusside, or esmolol) may be needed to control
blood pressure throughout the surgical procedure. The agent
should be infused via a stopcock near the hub of the venous
intracatheter. That way, the dead space of the IV line is low,
meaning changes in medication infusion rates will reach the
patient quickly. Nitroprusside administration requires the use
of intra-arterial monitoring because reduction of systolic pres-
sure occurs so rapidly that severe hypotension can result within
2 to 3 minutes, and if undetected could be dangerous.

If it becomes evident that the hypertension will persist well
into the postoperative period, longer-acting antihypertensive
medications (e.g., hydralazine IV, labetalol IV) may be consid-
ered. However, there is a tendency to overtreat hypertension
until the cumulative overdosage is evident and the patient is
hypotensive.

Hypoxemia
Hypoxemia deserves special emphasis. When it occurs dur-
ing anesthesia, diagnosis and therapy must be done expedi-
tiously. Uncorrected hypoxemia leads to anaerobic metabolism
and metabolic acidosis from lactic acid. This adversely affects
the biochemistry of the cell and may indeed be irreversible,
leading to organ damage or death. See Table 48.5 for a good
approach to intraoperative hypoxemia. The brain is at extreme
risk from severe hypoxia lasting longer than 4 to 8 minutes, the
reason being that cerebral neuronal function is almost entirely
dependant on the aerobic metabolism of glucose. Sustained
periods of anoxia carry a high probability of irreversible brain
damage.

Failure to ventilate
Failure to ventilate may occur at any stage during an anesthetic.
At induction, it can occur when the anesthetist is unable to
ventilate by mask or to insert an endotracheal tube during a
rapid intubation for a full stomach. In severe cases, insertion
of a laryngeal mask airway may restore the ability to ventilate.
In any such event, the ASA Difficult Airway Algorithm should
be familiar to every anesthesiologist and followed in such situa-
tions. During the anesthetic itself, after an airway is established,
ventilation can be lost because of a disconnection, a leak in
the circuit or tube or from an obstruction, or the endotracheal
tube itself becoming dislodged. This constitutes an emergency
and immediate threat to the patient. The surgical team should
be informed immediately; they may be able to help quickly by
reconnecting the circuit if it is in the surgical field.

The commonest site of disconnection is where the 15-mm
polyethylene adapter connects to the tracheal tube or the cir-
cuit. If the ventilator or capnography alarm indicates failure
to ventilate, the entire length of the circuit and tube should
be inspected or palpated. The connections from the machine
to the circuit’s inspiratory and expiratory limbs (called 22-mm
adapters) should be checked; they also are common sites of
disconnection.
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Table 48.4. Common intraoperative problems and differential diagnoses

Problem Differential diagnosis Remarks

Hypotension Hypovolemia The most common cause is blood loss or preoperative fasting and dehydration.
Vasodilatation from medication Any opioid, sedative, or anesthetic may reduce central sympathetic outflow and cause

vasodilation.
Virtually every anesthetic induction or heavy sedation will be accompanied by this

finding.
Sepsis or SIRS During surgery for an infectious process, sudden decreases in blood pressure are often

from sepsis or SIRS.
Low cardiac output Many anesthetics decrease cardiac output; congestive heart failure or myocardial

infarction may do this also.
Severe bradycardia This may cause low cardiac output, resulting in hypotension.
Severe tachycardia If atrial fibrillation or flutter conduction to the ventricle becomes too fast, hypotension

may result.
Pneumothorax This is uncommon but may spontaneously arise during positive pressure ventilation

with or without anesthesia.

Hypertension Pain or surgical stimulus The first thing to consider if blood pressure rises: “light” or insufficient anesthetic depth.
Essential hypertension Such patients may be adequately anesthetized but still markedly hypertensive.
Tourniquet or cuff A surgical tourniquet on an extremity produces a hard, recalcitrant kind of

hypertension called “cuff hypertension.”
Lightening anesthesia Has blood loss, an empty vaporizer or medication infusor, or rapid drug clearance made

the patient “light”?
Preeclampsia Perhaps the most common cause of acute peripartum hypertension. May be

accompanied by seizures, proteinuria, acute renal injury, acute liver failure,
thrombocytopenia, or coagulopathy.

Hypervolemia In the setting of hypertension, it is possible to overfill or overtransfuse and predispose
to pulmonary edema and congestive heart failure acutely.

Pheochromocytoma Patients have been known to have an occult tumor secreting epinephrine or
norepinephrine, but this is rare.

Hyperadrenocorticalism Patients who are cushingoid, hypertensive, or hypokalemic may have this.

Hypoxemia Low FiO2 Increase FiO2 immediately while searching for the cause.
Hypoventilation May be the result of opioids, benzodiazepines, muscle relaxants, or inhalation agents,

which decrease respiratory drive and/or muscle strength.
Disconnection of circuit The commonest cause of serious hypoxemic accidents
Atelectasis A result of patients being intubated and receiving positive pressure ventilation.

Consider gentle recruitment maneuvers.
Mucus plugging Suction and recruitment maneuvers.
Right main stem intubation Maximum depth for tracheal tubes measured from teeth (on average): females, 21 cm;

males, 23 cm. May visualize with bronchoscope.
Pulmonary thromboembolism Significant pulmonary embolism leads to sudden drop in end-tidal CO2, and hypoxemia

that does not improve on 100% FiO2, accompanied by tachycardia and hypotension.
Pulmonary edema May be secondary to fluid overload, diastolic dysfunction, systolic dysfunction, or

myocardial infarction.
Venous air embolism Also causes drop in end-tidal CO2, and an increase in end-tidal N2.

Failure to ventilate Kinked tube Most likely during ENT anesthetics or in prone position if no armored endotracheal
tube is used.

Biting on tube Especially during “light” anesthesia or emergence.
Disconnection of tube from circuit or adapter Still the commonest cause of severe hypoxia during general anesthesia.
Complete obstruction from mucus or tissue May occur very rapidly in infants and children whose endotracheal tubes are narrow;

worse when no humidification is used. May need to replace tube very quickly.
Encountered more often in the ICU setting.

Hole in tube or punctured cuff Laser airway surgery and tracheostomies are particularly common settings for this
problem. Beware of the risk of airway fire in tracheostomy and laser airway surgery!

High peak airway pressures Kinked tube May require the use of an armored (metal spring–reinforced) tube to prevent kinking.
Biting on tube May require the use of a bite block or mouth gag, or the emergent use of a

neuromuscular blocking drug.
Bronchospasm First approach usually is to deepen anesthesia, then consider neuromuscular blockade;

administer β-agonists, inhaled or IV corticosteroids, and methylxanthines (e.g.,
aminophylline) occasionally.

Mucus plugging (smaller tubes, copious
mucus production, and nonhumidified
gases predispose)

Patients with COPD, asthma, cystic fibrosis, tracheostomy, pneumonia, or otherwise
excessive secretions may have plugging of significance. It may require replacement
of the endotracheal tube but usually improves with suctioning and humidification of
anesthetic gases.

Pneumothorax (although this may happen in
any anesthetic, predisposing surgeries
include thyroidectomy, mastectomy,
tracheal procedures, nephrectomy, and the
use of high PEEP)

This causes increased peak airway pressures if the pneumothorax is extreme. Likewise, a
complete inability to ventilate may be caused by a pneumomediastinum or a
pneumothorax.

High mean airway pressures Bronchospasm May be severe enough to prevent ventilation.
Stacking or auto-PEEP of mechanical breaths This happens when the expiratory phase is not long enough to allow exhalation. Slow

the respiratory rate.
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Table 48.4 (continued)

Problem Differential diagnosis Remarks

Dynamic airway obstruction May be from airway neoplasm or mediastinal mass.
Pneumothorax Other things would be observable first: hypotension, hypoxia.
Obesity or chest wall restriction of excursion Fairly common and may be difficult to treat.
ARDS Common cause of high mean pressures in ICU patient with respiratory failure.

Hypocarbia Hypothermia Most evident in severe hypothermia.
Massive pulmonary embolus A sudden drop in expired CO2 should make one think of this.
Hyperventilation Patients who are anxious (awake) or mechanically hyperventilated (anesthetized) may

have this.
Leak in CO2 sampling tubing This also may cause an abnormal shape of the capnograph waveform or envelope.

Hypercarbia Hyperthermia Metabolic rate increases 15% for every 1◦C.
Malignant hyperthermia Uncoupling of calcium metabolism in mitochondria from a rare (1:15,000) genetic

defect in the ryanodine receptor of the calcium channel.
Hypoventilation May be from opioid medication, residual neuromuscular blocking drug, or weakness

from a variety of reasons.
Increased “dead space” From a variety of causes: long endotracheal tube, lung disease, etc.
Increased diffusion gradient in lung From COPD, interstitial lung disease, ARDS, pulmonary edema, or previous

chemotherapy.
Increased metabolic rate from feedings Feeding patients with COPD often makes it difficult to liberate (wean) them from

mechanical ventilation in the ICU.

Hypothermia Administration of unwarmed fluid or blood
products

Ideally, all fluids should be warmed by an FDA-approved device. No microwave or ad
hoc fluid heating methods are safe!

Anesthetic effects on hypothalamus Every general anesthetic causes impaired central thermoregulation due to its effect on
the hypothalamus.

Conductive, radiative, evaporative losses Wet drapes or sheets; exposed skin or body cavities, or nonheated breathing circuits.
Massive blood loss Very difficult to keep patients warm after 1 blood volume has been lost. Use FDA

approved warming devices only!
TURP or other irrigation with unwarmed fluid Surprisingly few urology suites use warmed TURP/TURBT irrigation. Hypothermia is

common after TURP/TURBT.

Hyperthermia Malignant hyperthermia Specific therapy for MH: dantrolene IV plus other measures. If MH is suspected, call for
help and consult.

Fever from SIRS, sepsis, or transfusion reaction Use acetaminophen or ibuprofen in addition to a cooling blanket.
Stroke Sudden extreme hyperthermia (> 105◦F) may be from a stroke to the hypothalamus.
Neuroleptic malignant syndrome Relatively uncommon side effect that may develop after use of an antipsychotic

medication, e.g., chlorpromazine, haloperidol, olanzapine, escitalopram.
Excessive warming Use the air-warming blanket at room temperature setting to cool the patient.

Bradycardia Increased vagal tone Spinal anesthesia causes sympathectomy and may lead to profound bradycardia or
even asystole.

Surgical stimulus on the gut or bladder (or other organs) may feed back and cause
vagal tone to increase.

Hypoxia Occurs with severe hypoxia and is a bad prognosticator. Correct hypoxia immediately
if possible.

Increased SVR with intact baroreceptor reflex In patients with an intact baroreceptor reflex, increased systemic vascular resistance
causes increased blood pressure, which in turn causes reflex bradycardia.
Phenylephrine may induce this, especially in young patients.

β-Blockers A common cause.
Degenerative fibrosis of nodal tissue This is actually considered the most common cause of bradyarrhythmias; it occurs in

all settings, not just the operating room.
Calcium channel blockers Diltiazem is most likely to cause heart rate decreases and is used for this purpose in

atrial fibrillation and flutter.
Reversal of neuromuscular blockade with
cholinesterase inhibitors such as
edrophonium or neostigmine

Usually, coadministration of an anticholinergic medication such as atropine or
glycopyrrolate is standard practice, so this happens rarely. However, edrophonium
may be used alone to try to convert SVT or slow heart rate, or in a common test for
myasthenia gravis (Tensilon test).

Sick sinus syndrome May require temporary or permanent pacemaker.
Myocardial infarction Especially if the right coronary artery and sinus node are involved in the infarction
Third-degree heart block The ECG rhythm strip will provide the diagnosis.

Sinus tachycardia Pressors or inotropes Ephedrine, epinephrine, norepinephrine, isoproterenol.
Increased pain or surgical stimulus The commonest cause at the start of the surgical procedure; suggests insufficient

anesthesia.
Myocardial infarction The commonest dysrhythmia associated with MI.
Malignant hyperthermia Tachycardia in MH follows an observed increase in CO2 production, and it precedes

hyperthermia.
Atropine, scopolamine, or glycopyrrolate
given

These are given for drying (antisialagogues), heart rate control (vagolytics) or nausea
control (antiemetics).

β-Adrenergic agonists Bronchodilators, tocolytics, decongestant medications, and anorexigenics (diet
medications) may do this.

Note and disclaimer: Any table such as this one must necessarily be incomplete and imperfect.
ARDS, acute respiratory distress syndrome; COPD, chronic obstructive pulmonary disease; ECG, electrocardiogram; ENT, ear, nose, throat; FiO2, fraction of inspired oxygen;
FDA, US Food and Drug Administration; MI, myocardial infarction; PEEP, positive end-expiratory pressure; SIRS, systemic inflammatory response syndrome; SVT, supraven-
tricular tachycardia; TURBT, transurethral resection of bladder tumor ; TURP, transurethral resection of the prostate .
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Table 48.5. Steps to consider immediately and a few minutes after sudden hypoxemia in the operating room

Immediately In a minute or so In 3–5 minutes

Inform all caretakers
Ventilate by hand; assess compliance and chest excursion
Ensure 100% FiO2 delivery. Look for disconnection: circuit,

tube, 15-mm connector.
Check expired gases for ETCO2.
Examine capnograph waveform
Inspect the tube and circuit for kinking, biting, obstruction
Inspect tube for excessively deep insertion: 21 cm (females); 23

cm (males). Palpate the cuff in the sternal notch while
inflating and deflating it. Withdraw it if it is in
too far.

Suction the tracheal tube with a
thin catheter to remove secretions and
assess patency or obstruction

Perform direct laryngoscopy to verify tube
placement in the trachea

Reassess compliance and chest
excursion

If in doubt, replace tracheal tube under direct
laryngoscopy

Try bronchodilator inhaler empirically
Apply recruitment maneuvers to open

alveoli

Perform bronchoscopy through the tube
Apply PEEP
Obtain arterial blood gases
Try alternate means of obtaining SaO2
Obtain chest radiograph to rule out

atelectasis or pneumothorax
Consider TTE or TEE

ETCO2; end-tidal CO2; FiO2, fraction of inspired oxygen; PEEP, positive end-expiratory pressure; SaO2 – arterial oxygen saturation; TEE, transesophageal echocar-
diography; TTE, transthoracic echocardiography.

Removable plastic plugs, sampling tube fittings, cracks, and
holes also should be checked for leaks, and the circuit should
be checked for manufacturing defects. Next, the large rubber
seals of any carbon dioxide (CO2)-absorbent canister fittings
on the anesthesia machine should be assessed, because these
may become dislodged slightly when the canisters are replaced,
resulting in a leak. Another source of a gross leak in the anesthe-
sia circuit is the insertion point of the CO2 sensor. Typically, the
hole at the machine where the sensor inserts has a width of sev-
eral centimeters. If the sensor falls out, it will result in an enor-
mous leak with inability to ventilate. Although uncommon, this
can generally be avoided by a thorough leak check of the anes-
thesia circuit prior to induction and by making certain that the
sensor is firmly plugged in.

After thesemeasures have been used and the leak diagnosed
and corrected, the anesthesiologist should verify that the patient
is receiving adequate ventilation. Checking the CO2 trace may
be insufficient to ensure that ventilation is optimal. The anes-
thesiologist should auscultate the breath sounds while giving
breaths by hand and restoring mechanical ventilation. This
gives valuable information as to inspiratory pressures required
and the presence of rales or wheezing. The inspiratory pressure
valve should also be viewed to quantitate the pressures required
to ventilate. A bag–valve oxygen supply (e.g., Ambu bag) should
be available on each anesthesiamachine to connect to the endo-
tracheal tube or mask in the event of circuit or machine failure
that is not immediately repairable.

Obstruction of the circuit or tracheal tube or
a sudden increase in airway peak pressure
One cause of obstruction of the circuit or tracheal tube or a
sudden increase in airway peak pressure is concretions of dried
mucus that can accumulate and, over time, completely obstruct
a large adult-size tracheal tube. This phenomenon is even
more common in pediatric patients, whose tracheal tubes are
smaller. Humidification may reduce the risk of obstruction, but

may not prevent it entirely. When it does happen, replacement
of the tracheal tube with a new one may be the only way to
restore patency if suctioning with a catheter down the tube is
insufficient.

More common is biting on or kinking the tracheal tube. To
prevent kinking, use of an armored (embeddedmetallic spring)
tube at the beginning of the procedure is effective. Armored
tubes are especially valuable in prone and sitting cases where
the endotracheal tube may be subject to torsion. A patient bit-
ing on the tube during maintenance of anesthesia usually is a
sign of light anesthesia and should be treated quickly by deep-
ening anesthesia, inserting (gently) a bite block, and/or giving a
dose of neuromuscular blocking drug (10 to 20 mg of succinyl-
choline is sufficient to relax the jaw within 30 to 60 seconds in
such a situation).

Other, less likely causes of sudden obstruction to venti-
lation are severe, sudden coughing or bronchospasm, pneu-
momediastinum causing tracheal obstruction, and tension
pneumothorax. Bronchospasm is treated with bronchodilators,
whereas coughing can be decreased with muscle relaxants and
deeper anesthesia. Tension pneumothorax and pneumomedi-
astinum are likely to be accompanied by severe hypotension.
Needle or tube thoracocentesis is the first, emergent step for
these complications.

Arrhythmias
Studies have demonstrated that approximately 50% of serious
intraoperative arrhythmias are anesthesia related. The major-
ity consist of extreme bradycardia or asystole, often resulting
from spinal anesthesia with a high level, widespread sympa-
thetic block and overriding vagal tone. Such an event usually
responds to atropine (1 mg IV), IV ephedrine, and even a brief
period of external cardiac massage to get the drug circulat-
ing in the event of asystole. Laparoscopy can result in sudden
severe bradycardia or even asystole when the trochar pierces the
peritoneum, causing an intense vagal stimulus. Again, atropine
0.2-1 mg IV (depending on severity of bradycardia) is usually
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effective in this situation and typically restores heart rate to 60
or greater within 45 to 90 seconds. Sudden onset of sinus tachy-
cardia with hypertension commonly is a sign of insufficient
depth of anesthesia (see earlier). Sudden onset of tachycardia
with hypotensionmay be an ominous sign indicating an imme-
diate life-threatening event, such as venous air embolus (e.g.,
intracranial surgery), pulmonary embolus (e.g., patient with
known deep vein thrombosis), or myocardial ischemia with a
sudden drop in cardiac output. Please refer to Chapter 155 on
arrhythmias Part 28 and to the Advanced Cardiac Life Support
algorithms (Chapter 153) to review the differential diagnosis of
arrhythmias in detail.

Allergy problems
Severe anaphylactoid or anaphylactic reactions occur in a small
but significant percentage of cases. Often, the adverse aller-
gic reaction to a specific drug is not known prior to the anes-
thetic. One study demonstrated that a severe allergic reaction
to neuromuscular blocking drugs occurred in one in 3000 cases
of general anesthesia. If the allergy is unknown, prevention is
difficult, but early diagnosis and prompt and aggressive treat-
ment may prevent morbidity. An anaphylactic reaction is a life-
threatening event, calling for immediate vigorous fluid admin-
istration to combat cardiovascular collapse, IV epinephrine,
H2-blockers, and corticosteroids.

Emergence and extubation
Preparation for emergence includes reversal of muscle relax-
ants and discontinuation of inhalational and IV anesthetics.
The patient should meet the criteria for extubation before
the endotracheal tube is removed. The decision to extubate
depends on the patient’s ability to ventilate and oxygenate, the
provider’s ability to mask ventilate or reintubate if necessary
upon extubation, and the impact on the patient if the extuba-
tion fails. Tracheal extubation may be complicated by laryn-
gospasm, aspiration, hypoventilation, or negative pressure
pulmonary edema. The premature removal of an endotracheal
tube during the second stage of anesthesia may be particularly
dangerous.

Criteria for extubation include stable vital signs, ade-
quate ventilation and adequate reversal of muscle relaxant (4/4
twitches on the train-of-four and sustained 100 Hz tetanus),
and an awake and cooperative patient. A good clinical measure
of adequate reversal of neuromuscular blockade is the patient’s
ability to perform a sustained head lift for 5 to 10 seconds.Occa-
sionally, the anesthesiologist may choose “deep” extubation to
prevent coughing and bucking during emergence. This tech-
nique is particularly useful in a patient with significant reactive
airway disease, but may not be advisable in a patient with diffi-
cult intubation.

Common problems during emergence from general anes-
thesia include residual neuromuscular blockade and delayed
emergence (see Chapter 52).

Residual neuromuscular blockade may be demonstrated
by the use of the transcutaneous peripheral nerve stimula-
tor, which will show posttetanic fade or significant blockade
on train-of-four stimulation (see section immediately above).
If maximal anticholinesterase medication has been given, the
proper treatment is conservative: passive or forced-air warm-
ing, correction of metabolic acidosis, and ensuring amnesia as
recovery ofmuscle strength occurs.Mechanical ventilationwith
varying degrees of support is needed in the postanesthesia care
unit (PACU) or intensive care unit (ICU). Great care must be
taken in such situations to ensure that the patient is adequately
ventilated and not experiencing dyspnea. Dyspnea from inabil-
ity to breathe adequately or spontaneously is a frightening sen-
sation and, if possible, the patient should be asked if he or she
feels that he or she is “getting enough air while being mechani-
cally ventilated.” In such cases, additional sedationmay be indi-
cated alongwith careful settings on the ventilator to ensure ade-
quate ventilation.

Delayed emergence, that is, delayed regaining of conscious-
ness following the end of an anesthetic administration, is almost
always from residual anesthetic effect and is longer if surgery
lasts longer. The patient is supported with mechanical venti-
lation, and reassuring the family (and other caretakers) is key.
Drugs such as scopolamine may cause delayed emergence and
distort the pupil examination. Of course, CT scanning fre-
quently is done to reassure caretakers that no intracranial event
has occurred. Neurologic consultation usually is not necessary,
but patience is. Pressure points should be padded carefully, and
the eyes and airway cuff should be cared for as if a prolonged
anesthetic were taking place.

Agitation occasionally occurs in patients on emergence and
is more common in young patients who have received gen-
eral anesthesia with an inhalational agent. The anesthesiolo-
gist should rule out physiologic causes of agitation, including
hypoxia, hypercarbia, a full bladder, and pain. Clonidine has
been used to reduce the incidence of emergence agitation in
children, but it also may delay awakening from anesthesia.

Mortality andmorbidity
Overall mortality from general anesthesia is approximately one
in 200,000. Morbidity related to anesthesia includes dental
injury, soft tissue and nerve injury, awareness under anes-
thesia, and postanesthesia respiratory and cardiac compli-
cations. Administration of anesthesia has become far safer
during the past 30 years, owing to improved monitoring tech-
niques and the widespread adoption of safety standards mod-
eled after those in the airline industry. Claims for death and
brain damage decreased between 1975 and 2000. From 1986
to 2000, adverse respiratory events decreased, whereas adverse
cardiovascular events increased. By 1992, respiratory- and
cardiovascular-damaging events occurred in approximately the
same proportion (28%), a trend that continued through 2000.
The overall downward trend did not seem to be affected by the
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use of pulse oximetry and end-tidal carbon dioxidemonitoring,
which began in 1986.

There is emerging evidence that the choice of anesthetic
technique may influence patients’ long-term outcome, espe-
cially following surgery for certain types of cancer. The peri-
operative inflammatory response to surgical stress, but also to
anesthetics, appears to influence particularly the cell-mediated
immune response, which plays a pivotal role in scavenging can-
cer cells spilled into the circulation during surgery. Two small
retrospective studies suggest less frequent cancer recurrence
after removal of the primary tumor when regional anesthesia
was used for analgesia rather than systemic opioids. Currently,
larger prospective trials are under way to further explore the
potentially significant impact anesthesia might have on long-
term patient outcome.

Transport
The decision to transport to the PACU versus ICU depends on
the need to keep the patient intubated after surgery, hemody-
namic stability, significant comorbidities, and the need for fre-
quent checks. Transfer with or without supplemental oxygen
to the PACU depends on the type and length of surgery and
anesthesia, as well as the patient’s comorbidities. Monitoring
for transport depends on the patient’s stability and the length
of travel. If oxygen is to be administered during transport, it
is essential that the tank be checked prior to leaving the oper-
ating room. An “E” tank, most commonly used for transport,
holds 660 liters when fully pressurized at 2000 p.s.i. At a 6L/min
flow, a full tank will last 110 minutes; that is, just under two
hours. The reserve times are directly proportional to the gauge
pressure; that is, 1000 p.s.i. allows 55 minutes at 6L/min. This
is of great importance when a patient is taken to the PACU or
SICU (surgical intensive care unit) at the end of the anesthetic.
An E-cylinder with 250 p.s.i. will only last about 15 minutes at
6L/min. This can be disastrous if an elevator is caught between
floors during transit to the SICU.

Reporting to the accepting team either in the PACU or ICU
by the anesthesia team is an important component of periop-
erative care. This report should include the patient’s medical
history, preoperative and intraoperative medications, ease of
intubation, any problems in the operating room, intraopera-
tive blood loss, and fluid management. A postoperative visit is
a standard of practice, if feasible, in order to elicit any postop-
erative complications and patient satisfaction.
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Chapter

49 Total intravenous anesthesia (TIVA)
Amit Gupta and J. Lance Lichtor

Introduction
Total intravenous anesthesia (TIVA) may be defined as a tech-
nique of general anesthesia using a combination of agents given
solely by the intravenous (IV) route and in the absence of all
inhalational agents, including nitrous oxide.

The IV route has been used to administer drugs for hun-
dreds of years. The administration of anesthesia solely by the
IV route using chloral hydrate was documented as early as the
1870s. In 1934, thiopental was introduced into clinical practice,
and IV induction of anesthesia became popular. However, only
in more recent years has TIVA become possible and practical;
there are two reasons for this. First, only drugs with a rapid
onset and shorter recovery profiles, such as propofol and the
newer synthetic, short-acting opioids, are suitable for mainte-
nance of anesthesia with IV infusion. Second, advances in com-
puter technology have allowed the development of easier-to-use
infusion delivery systems.

Indications and advantages
TIVA is indicated for any general anesthetic provided a well-
functioning IV is in place. With TIVA, there is no operating
room pollution by nitrous oxide or potent inhalation agents.
After TIVA, patients have been shown to feel better and report
a more pleasant anesthetic experience, in part because of less
postoperative nausea and vomiting (PONV). In an ambula-
tory setting, these patients may be able to leave the recovery
room earlier, reducing costs of stay. However, it has also been
noted that the combination of certain IV drug infusions (e.g.,
propofol and dexmedetomidine) without the use of a depth-of-
anesthesia monitor, may result in gross overdose and delayed
awakening. Initial reports also showed that postoperatively,
patients experience less pain with TIVA compared with main-
tenance with isoflurane.

For individuals with a personal or family history of
malignant hyperthermia TIVA is frequently chosen because
the use of inhalational agents is generally contraindicated
for this disorder (Chapter 110).

Intravenous hypnotic drugs
Modern hypnotic drugs suitable for TIVA include propo-
fol, midazolam, ketamine, etomidate, and dexmedetomidine.
Most commonly, a hypnotic drug is combined with an opioid.

Table 49.1 provides suggested dosages for hypnotic agents used
in TIVA.

Propofol has become the hypnotic drug of choice for the
TIVA technique. It has a short context-sensitive half-time that
is prolonged only to a minor extent as the infusion duration
increases (Fig. 49.1). This allows for fast awakening, even after
several hours of continuous administration. It should be noted
that the time to recovery also depends on other factors (see
Chapter 36). Propofol can be used by itself, with no other drugs.
It causes a decrease in peripheral vascular resistance and mean
arterial blood pressure (30%), but these hemodynamic side
effects can be attenuated with slow injection and careful titra-
tion to effect.When used formaintenance of anesthesia, propo-
fol is associated with less PONV than inhalation anesthesia. For
example, in a study of 5161 patients, propofol reduced nausea
and vomiting by 19% compared with a volatile anesthetic (Fig.
49.2).

In contrast to propofol, the context-sensitive half-time of
thiopental increases rapidly following all but the shortest infu-
sions owing to cumulation (Fig. 49.1). This property renders
it unsuitable for maintenance of anesthesia. Midazolam is also
rarely used as a maintenance infusion since significant and pro-
longed psychomotor impairment often occurs following the
administration of larger doses.

Etomidate has many unfavorable side effects, such as
PONV, phlebitis, excitatory movements, venous irritation, and
adrenal cortical suppression, limiting its use in TIVA. When
dexmedetomidine is included as an adjunct to propofol and
an opioid, PONV is decreased as a result of a decreased
use of intraoperative opioids. In addition, dexmedetomidine
can help reduce central sympathetic outflow, a property that

Table 49.1. Suggested dosages for anesthetic agents used in general
anesthesia

Loading dose, Maintenance
Agent mg/kg infusion rate

Midazolam 0.15–0.35 –
Propofol 1–3 50–200 µg/kg/min
Thiopental 3–6 –
Etomidate 0.2–0.4 –
Ketamine 1–2 5–10 µg/kg/min
Dexmedetomidine 1 µg/kg 0.2–1.0 µg/kg/h
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Figure 49.1. Context-sensitive half-time values of hypnotic drugs, shown as
a function of infusion duration. Adapted from Figure 36.4.

enhances sedation, analgesia, anxiolysis, and amnesia, reduc-
ing the requirements and associated side effects of other
drugs.

Analgesics for TIVA
Analgesia during IV anesthesia may be provided by opioids,
ketamine, or local anesthetics.

The opioid analgesic chosen for TIVA must have a fast
onset and be easily titratable. Fentanyl is the most com-
monly used opioid. It can be administered by intermittent
boluses or as an infusion, and provides good postoperative pain
control. However, the context-sensitive half-time of fentanyl
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Figure 49.2. Postoperative nausea and vomiting (PONV). PONV occurs least
after a propofol anesthetic with either air or nitrous oxide that also includes
one or more antiemetics. Illustrated is the incidence of PONV when different
anesthetics and different numbers of prophylactic antiemetic treatments are
administered.

Table 49.2. Suggested opioid dosages for TIVA

Loading dose, Maintenance Additional
Agent µg/kg infusion rate boluses

Alfentanil 25–100 0.5–2 µg/kg/min 5–10 µg/kg
Sufentanil 0.25–2 0.005–0.025 µg/kg/min 2.5–10 µg
Fentanyl 4–20 0.03–0.17 µg/kg/min 25–100 µg
Remifentanil 1–2 0.025–1 µg/kg/min 0.1–1.0 µg/kg

increases markedly with prolonged infusion owing to cumula-
tion at higher dosages. This effect may result in delayed recov-
ery after prolonged administration. Other opioids suitable for
TIVA include alfentanil and sufentanil. Remifentanil has gained
popularity for the administration of TIVA because it has a
short onset time, high metabolic clearance, and short context-
sensitive half-time, which is independent of the duration of
infusion.This desirable property is a function of its rapid enzy-
matic degradation in all patients, regardless of ethnicity or coex-
isting hepatic or renal impairment.When postoperative analge-
sia is desired, a longer-acting analgesic such as fentanyl or mor-
phine should be administered.

Ketamine is a dissociative anesthetic with sedative, hyp-
notic, and analgesic properties. Ketamine can be used with con-
tinuous infusions of propofol as an adjunct to help reduce the
opioid requirement.

Approximate opioid bolus doses, maintenance infusion
rates, and additional maintenance doses are listed in Table 49.2.

Drug interactions and TIVA
In recent years, advances in computer technology and pharma-
cokineticmodeling have allowed us to gain a better understand-
ing of individual drugs as well as the interactions between drugs
when administered by the IV route. The context-sensitive half-
times of the intravenous opioids given by infusion are shown in
Figure 49.3.
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Figure 49.3. Context-sensitive half-time values of opioid drugs, shown as a
function of infusion duration. Among the opioids, remifentanil is associated
with the most rapid return to consciousness. Adapted from Figure 36.4.

306



Chapter 49 – Total Intravenous Anesthesia (TIVA)

Infusion delivery systems: manual-controlled
infusion and target-controlled infusion
Two types of infusion devices can be distinguished: manual-
controlled infusion (MCI) and target-controlled infusion (TCI)
systems.

MCI is a continuous IV infusion with a syringe pump
programmed for use with any drug used for TIVA; the anes-
thesiologist sets the pump’s rate. These systems are widely used
in operating rooms and intensive care units across the United
States to administer various drugs as continuous infusions.
These infusion systems are commonly referred to as infusion
pumps.

TCI devices are now available worldwide, except in the
United States. This worldwide availability primarily reflects the
widespread approval of the Diprifusor (AstraZeneca,Wilming-
ton, DE) for the administration of propofol. The anesthesiol-
ogist enters the patient’s age and weight and sets the initial
target blood concentration. He or she also estimates the tar-
get drug concentration based on the patient’s physiologic state.
The device then achieves and maintains the target concentra-
tion, with no further intervention required by the anesthesiol-
ogist. If signs of inappropriate anesthetic depth are manifested,
the anesthesiologist has to adjust the set point up or down to
achieve the appropriate depth of anesthesia.

Randomized trials have explored the differences in quality
of anesthesia, adverse event rate, and drug cost between the
two types of delivery systems (TCI vs. MCI) when adminis-
tering propofol. The comparative effectiveness of the two sys-
tems remains controversial. A recent systematic review by the
Cochrane Collaboration comparing the two systems did not
demonstrate an advantage of either delivery system in clinical
practice. The authors therefore concluded that there is not suf-
ficient evidence to recommend the use of TCI versus MCI in
clinical anesthetic practice.

This may be not surprising if one considers that the
described TCI systems do not take into account many fac-
tors that influence the optimal IV dose, such as the type of
operation (superficial, intra-abdominal), preexisting diseases
(hepatic, renal, cardiac), and intraoperative interventions
(laryngoscopy, skin incision). Anesthesiologists are very well
aware that the appropriate depth of anesthesia remains a mov-
ing target that requires constant adjustments – a challenge that
has not been resolved by the TCI systems on the market.

Open-loop versus closed-loop control systems
Currently, all TCI devices on the market are “open-loop” con-
trol systems, meaning that the anesthesiologist must recognize
changes in the required depth of anesthesia and then adjust the
target concentration appropriately (as described earlier).

“Closed-loop” control systems are in development. These
systems will measure feedback signals from the patient, such
as evoked potential and/or bispectral index (BIS). Based on
the feedback signals, these systems will automatically adjust
the target concentration, without the intervention of the

anesthesiologist. These closed-loop control systems are purely
investigational at this time but most likely will be part of the
future technological advances in the field of anesthesia.

Limitations of TIVA
Although there is some controversy concerning TIVA and
intraoperative awareness, the incidence of awareness with TIVA
probably is no different than that of inhalation anesthesia. Dur-
ing TIVA, direct drug concentration measurements are not
available and the relationships between infusion rates and ade-
quate effect-site concentrations are not easy to establish. How-
ever, in one study, 11,785 patients were questioned for explicit
recall on three occasions after anesthesia. Although TIVA was
used for only about 3% of all patients, no patients who received
TIVA reported recall. In that study, all the patients who did
report unpleasant effects during or after wakefulness had been
paralyzed. In another study of 1000 patients who specifically
received TIVA with propofol, alfentanil, and paralysis, the inci-
dence of recall (0.2%) was similar to that found in other stud-
ies. Depth-of-anesthesia monitors have been shown to reduce,
but not eliminate, the incidence of recall (Chapter 30). Another
study showed that intraoperative recall is possible even with
a BIS value below 60. The most common reasons for intra-
operative awareness are related to technical problems such as
infusion pump malfunctions or disconnections. Other poten-
tial limitations of the TIVA technique include significant cumu-
lation of the infused drugs after prolonged infusions, leading to
delayed awakening, and the side effects of propofol administra-
tion, including pain on injection and postoperative fatigue and
confusion. Finally, prolonged infusion of propofol may result in
significant expense.

Suggested readings
Apfel CC, Korttila K, Abdalla M, et al. A factorial trial of six

interventions for the prevention of postoperative nausea and
vomiting. N Engl J Med 2004; 350:2441–2451.

Bulow NM, Barbosa NV, Rocha JB. Opioid consumption in total
intravenous anesthesia is reduced with dexmedetomidine: a
comparative study with remifentanil in gynecologic
videolaparoscopic surgery. J Clin Anesth 2007; 19;280–
285.

Cheng SS, Yeh J, Flood P. Anesthesia matters: patients anesthetized
with propofol have less postoperative pain than those anesthetized
with isoflurane. Anesth Analg 2008; 106;264–269.

Leslie K, Clavisi O, Hargrove J. Target-controlled infusion versus
manually-controlled infusion of propofol for general anaesthesia
or sedation in adults. Cochrane Database Syst Rev 2008; CD006059.

Nordstrom O, Engstrom AM, Persson S, Sandin R. Incidence of
awareness in total i.v. anaesthesia based on propofol, alfentanil and
neuromuscular blockade. Acta Anaesthesiol Scand 1997;
41:978–984.

Ramsay MA, Luterman DL. Dexmedetomidine as a total intravenous
anesthetic agent. Anesthesiology 2004; 101;787–790.

Sandin RH, Enlund G, Samuelsson P, Lennmarken C. Awareness
during anaesthesia: a prospective case study. Lancet 2000;
355:707–711.

307



Part 8 – Anesthesia Techniques

Visser K, Hassink EA, Bonsel GJ, et al. Randomized controlled trial of
total intravenous anesthesia with propofol versus inhalation
anesthesia with isoflurane-nitrous oxide: postoperative nausea
with vomiting and economic analysis. Anesthesiology 2001;
95:616–626.

Vuyk J, Mertens MJ, Olofsen E, et al. Propofol anesthesia and rational
opioid selection: determination of optimal EC50-EC95
propofol-opioid concentrations that assure adequate anesthesia
and a rapid return of consciousness. Anesthesiology 1997;
87:1549–1562.

308



Chapter

50 Monitored anesthesia care
Shubjeet Kaur

Introduction
The use of monitored anesthesia care (MAC) as an anesthetic
technique for the care of patients both in the operating room
and in a procedural setting continues to increase. Currently,
MAC is the first choice in an estimated 10% to 30% of all surgi-
cal procedures in the operating room.

Monitored anesthesia care
TheAmerican Society of Anesthesiologists (ASA) definesMAC
as a “specific anesthesia service for a diagnostic or therapeutic
procedure.” The standards of anesthesia care are no different
from those of general or regional anesthesia. MAC includes a
preprocedure assessment, intraprocedure care, and postproce-
dure anesthesia management. The anesthesiologist either pro-
vides the anesthesia himself or herself or supervises another
anesthesia care provider (resident, nurse anesthetist).

During MAC, an anesthesiologist may administer medica-
tions that produce analgesia, anxiolysis, amnesia, or hypnosis.
The anesthesiologist is always responsible for monitoring the
patient’s vital functions. Often, analgesia is provided by the sur-
geon via local anesthesia or nerve blocks on the surgical field.
Sometimes the anesthesiologist may not need to administer any
medications at all.

An important component of successful MAC is that the
anesthesiologist providing this service is responsible for antici-
pating, diagnosing, and treating anymedical problems thatmay
arise during the procedure. MACmay need to be converted to a
general anesthetic at a moment’s notice.Therefore, the anesthe-
sia care provider must be able to ensure adequate airway sup-
port and ventilation.

Moderate sedation/analgesia (formerly
known as “conscious sedation”)
by nonanesthesiologists
It is important to have a clear understanding of the differences
between MAC and moderate sedation/analgesia: MAC is pro-
vided by a fully trained anesthesia care provider and adheres to
the same standard as any other choice of anesthetic (as outlined
earlier). Therefore, during MAC cases, at least two indepen-
dently functioning healthcare providers are present: the health

care provider performing the procedure and the anesthe-
siologist/nurse anesthetist. This is in contrast to moderate
sedation/analgesia cases, in which the physician performing the
procedure is also directing and supervising the provider admin-
istering the sedation.

Although anesthesiologists have specific training to pro-
vide sedation and analgesia, in most institutions these services
often are provided by nonanesthesiologists for various reasons,
including scheduling issues, convenience, lack of availability of
anesthesiologists, and cost.

To improve patient safety, most institutions have devel-
oped policies and procedures for moderate sedation/analgesia
with the help of the anesthesiologists. An ASA task force has
published practice guidelines for sedation and analgesia by
nonanesthesiologists to assist anesthesiologists in the process
of developing these institutional policies. The ASA practice
guidelines define four levels of sedation that represent a con-
tinuum (Table 50.1). At one end of the spectrum is “minimal
sedation,” whichmay progress to “moderate sedation/analgesia
(conscious sedation)” to “deep sedation/analgesia,” and finally
to “general anesthesia.”

Moderate sedation/analgesia (formerly known as “con-
scious sedation”) is defined as a medically controlled state of
depressed consciousness that allows protective reflexes to be
maintained, retaining the patient’s ability to maintain a patent
airway and to respond to verbal and physical stimulation. A
“conscious sedation” case therefore should never exceed the
level of moderate sedation. Sedation beyondmoderate sedation
may lead to airway compromise and the immediate need for air-
way intervention to avoid adverse patient outcome.

Most institutions exclude high-risk patient groups from
undergoing moderate sedation/analgesia (e.g., patients with
morbid obesity, chronic pain issues, sleep apnea, severe cardiac,
pulmonary, hepatic, renal, central nervous system disease) and
require anesthesiologists to provide MAC or general anesthesia
for these patient groups.

Sedation with propofol is classified as deep sedation by the
ASA practice guidelines. Therefore, most institutions exclude
propofol and sometimes other medications from being used by
nonanesthesiologists in an attempt to avoid adverse patient out-
comes. In addition, institutions often require nonanesthesiolo-
gists to undergo training inmonitoring, resuscitation skills, and
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Table 50.1. Continuum of depth-of-sedation definitions

Parameter
Minimal sedation
(anxiolysis)

Moderate
sedation/analgesia
(conscious sedation) Deep sedation/analgesia General anesthesia

Responsiveness Normal response to
verbal stimulation

Purposeful response to verbal
or tactile stimulationa

Purposeful response following
repeated or painful stimulationa

Unarousable even with painful
stimulus

Airway Unaffected No intervention required Intervention may be required Intervention often required

Spontaneous ventilation Unaffected Adequate May be inadequate Frequently inadequate

Cardiovascular function Unaffected Usually maintained Usually maintained May be impaired

a Reflex withdrawal from a painful stimulus is not considered a purposeful response.
FromASA. Continuumof Depth of Sedation Definition of General Anesthesia and Levels of Sedation/Analgesia. (Approved by ASA House of Delegates on October
13, 1999 and amended on October 27, 2004.)

medication knowledge before they are given privileges to pro-
vide moderate sedation/analgesia.

Indications for MAC
Choosing MAC as the anesthetic technique over regional tech-
niques or general anesthesia depends on various considera-
tions, such as the type of procedure; the patient’s medical
condition, including the patient’s mental status; specific posi-
tioning requirements during the procedure; and the surgeon’s
and patient’s preference. Examples of procedures that are usu-
ally well tolerated under MAC are breast biopsy, indwelling
central venous catheter placement, eye operations, minor plas-
tic surgery, diagnostic cystoscopy, hysteroscopy, dilatation and
curettage (D&C), creation ofAVfistula for dialysis access, inser-
tion of pacemaker or ICD,many interventional radiology cases,
and upper and lower gastrointestinal endoscopic procedures.

Communication with the surgeon and the patient about
the advantages and limitations of MAC prior to the start of
the procedure facilitates the successful conduction of a MAC
anesthetic.

Preprocedure evaluation
A thorough preprocedure evaluation must be completed, an
anesthetic plan formulated, and informed consent obtained for
every patient scheduled forMAC.Thepatientmust be informed
that although a MAC anesthetic is planned, there is always a
possibility that it may get converted to a general anesthetic in
order to complete the procedure safely. A detailed medical his-
tory and focused physical examinationwith emphasis on airway
evaluation must be performed, along with a review of current
medications and any drug allergies. The patient’s medical con-
dition should be optimized prior to the planned procedure, and
the indicated laboratory workup and diagnostic studies should
be ordered. ASA fasting guidelines should be used and are the
same as those for a general anesthetic.

Monitoring
The standards for basic monitoring apply to all patients under
the care of an anesthesiologist, regardless of whether the anes-
thetic is general, regional, or MAC.

The continuous presence of a qualified anesthesia provider
(an anesthesiologist or, in the case of medical direction, a
certified registered nurse anesthetist/anesthesia resident) is a
requirement for the conduct of MAC (monitoring standard I
as defined by the ASA). There is no substitute for a vigilant
anesthesia caregiver. Continuous observation of the patient,
along with verbal communication, provides a wealth of infor-
mation in a dynamic clinical situation. In addition, every
patient must have the following parameters continually mon-
itored: oxygenation, ventilation, circulation, and body temper-
ature (basic anesthetic monitoring standard II as defined by the
ASA).

Techniques for MAC
Patient safety and operating conditions that facilitate timely and
satisfactory completion of the procedure are the key goals from
the provider’s perspective. Generally, the following end points
must be met: analgesia, sedation/comfort, anxiolysis, and early
discharge/return to baseline function. In addition to verbal
reassurance and preemptive communication with the patient,
a variety of medications may be used to achieve the aforemen-
tioned end points.The surgeonwill commonly inject local anes-
thetic to provide analgesia. The anesthesiologist is in a position
to advise the surgeon about the maximum allowable dose to
prevent local anesthetic toxicity and be constantly vigilant for
symptoms and signs of toxicity.The anesthesia providermust be
prepared to manage this potential complication immediately.

Systemic agents used for MAC
The ideal drug used during MAC should have a quick onset
of action, minimal side effects, a high therapeutic index, short
duration of action, and rapid elimination (noncumulative).The
aim is to have a rapid return to baseline status and to facilitate
early discharge. Some key pharmacologic concepts with which
the anesthesiologist should be familiar are ESET (effect site
equilibration time), therapeutic index, and context-sensitive
half-time (see Part 6 in this book). Drugsmay have a synergistic
or additive effect, and there may be considerable interpatient
variability. Various techniques ranging from intermittent
boluses to multiple concurrent continuous infusions of drugs
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Table 50.2. Commonly used intravenous agents in MAC

Desired Commonly
end point Drug group used agents

Sedation Benzodiazepines Midazolam
α2-Agonists Dexmedetomidine

Hypnosis Hypnotics Propofol

Analgesia Opioids Fentanyl
Alfentanil
Remifentanil

Nonopioids Ketamine

Amnesia Benzodiazepines Midazolam

to achieve the goals of providing sedation and analgesia have
been described. Table 50.2 provides a summary of common
intravenous (IV) agents used to achieve the different end points
of MAC; Table 50.3 provides examples of dosing regimens of
these drugs.

The most important pharmacologic principle in this set-
ting is “titration to effect.” To help prevent overdosing, titration
involves ensuring that the drug administered into the IV tub-
ing is actually being delivered into the patient’s circulation, and
also waiting for the peak effect prior to redosing. Heightened
caution is especially important in the elderly and in patients
who have multiple comorbid conditions. The changing level
of stimulation and the concurrent use of multiple drugs may
result in undesirable end points in spite of using a conservative
approach. The anesthesiologist may have to temporarily sup-
port the patient’s airway and ensure adequate ventilation.

Benzodiazepine and opioid antagonists
Sometimes pharmacologic agents may have to be given to
reverse the unintended side effects of administered drugs
such as benzodiazepines and opioids. Flumazenil is a specific
competitive benzodiazepine antagonist that can reverse the
sedation as well the ventilatory depression produced by ben-
zodiazepines. It can be titrated in increments of 0.2 mg IV at
60-second intervals (total dose of 1 mg IV) until the desired
level of consciousness is achieved. Naloxone is an opioid antag-
onist that reverses all opioid effects, including ventilatory
depression and analgesia. It is titrated in 20- to 40-µg IV incre-
ments. It produces peak effects in 1 to 2 minutes, and titration
is essential to avoid severe pain in patients. Sudden, complete

Table 50.3. Typical dosing regimens for MAC

Maintenance Maintenance
Induction infusion rate, intermittent

Drug bolus dose µg/kg/min boluses

Midazolam 0.5–5 mg – 0.5–2 mg
Propofol 10–80 mg 10–75 10–50 mg
Fentanyl 25–50 µg 0.01–0.03 25–50 µg
Alfentanil 20–50 µg 0.25–1 20–50 µg
Remifentanil 10–25 µg 0.025–0.1 10–25 µg
Ketamine 10–50 mg 2–10 10–50 mg
Dexmedetomidine 1.0 µg/kg over

10–20 min
0.2–1.0 µg/kg/h 10–30 µg

Table 50.4. Benzodiazepine and opioid antagonists

Factor Flumazenil Naloxone

Antagonist Benzodiazepines Opioids

Dose 0.2 mg IV
Repeat 0.2 mg every

1 min maximum
1 mg IV

40 µg IV
Repeat to effect every

1–2 min

Duration of action 30–60 min 30–45 min

Side effects Seizures
Agitation/confusion
Acute anxiety
Sweating or
shivering
Blurred vision
Headache

Reversal of analgesia
Nausea and vomiting1

Hypertension, tachycardia,
ventricular dysrhythmias

Pulmonary edema

1 Dependent upon the prior dose of opioid and the dose of naloxone; an
antagonist like naloxone might be very effective in treating opioid-induced
nausea and vomiting.

antagonism of opioid effects may cause hypertension, tachy-
cardia, ventricular dysrhythmias, and pulmonary edema.
Table 50.4 lists these two antagonist agents and provides a brief
summary of the key pharmacologic features.

Discharge criteria
Postprocedure, a patient who has undergone MAC has to be
monitored under the care of a registered nurse who has the
clinical skills and core competencies required in a postanesthe-
sia care unit (PACU) until discharge criteria are fulfilled. The
anesthesiologist should be immediately available to address any
patient management issues during the recovery phase. Return
to baseline mental status, minimal pain, vital signs within
20% of preprocedure values, and control of nausea and vom-
iting must be achieved prior to discharge. A responsible adult
must be available to escort the patient home and observe the
patient for any unexpected events in the postprocedure period.
A patient who has undergone MACmust be provided the same
standard of postprocedure care given to patients who under-
went a regional or general anesthetic.

Outcomes and safety of MAC
MAC sometimes is requested for patients who are consid-
ered “too sick” to have a general anesthetic. In addition,
anesthesiologists are being asked to provide this care in set-
tings remote from the operating room with greater frequency.
Some of the factors that contribute to adverse outcomes are
the use of multiple drugs, inadequate monitoring, and lack
of timely resuscitation efforts. Combining a benzodiazepine
with an opioid may result in frequent episodes of hypoxemia
and apnea. Administering propofol with opioids produces a
synergistic or additive effect and diminishes the ventilatory
response to hypercarbia. A recently published Closed Claims
analysis revealed that “respiratory depression after absolute or
relative overdose of a combination of sedative and/or opioid
drugs was the most common specific damaging event in claims
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associated with Monitored Anesthesia Care.” In addition,
“nearly half of these claims were judged preventable by better
monitoring, including capnography, improved vigilance, or
audible alarms.” In this claims analysis, although death or
permanent brain damage was present with similar frequency
whether the claim was filed for a MAC or general anesthetic,
patients undergoing MAC were found to be sicker and older
than those who had a general anesthetic.The authors concluded
that the use of capnography as a monitor for ventilation may
enhance patient safety. Current ASA practice guidelines state
that “continual monitoring for the presence of expired carbon
dioxide shall be performed unless invalidated by the nature of
the patient, procedure or equipment.”

Conclusion
MAC is a safe anesthetic technique when it is chosen for the
right procedure in a patient who has beenmedically optimized.
It allows the anesthesiologist an opportunity to provide a more
intimate level of care and reassurance to patients than can
be given during most general anesthetics. Patients undergoing
MAC deserve the same level of vigilance and care before, dur-
ing, and after the procedure. One might say that MAC should

stand for maximum anesthesia caution, not minimal anesthesi-
ology care.
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Chapter

51 Patient positioning and common nerve injuries
Christian D. Gonzalez

Introduction
Although monitoring vital signs is an important part of the
anesthesiologist’s responsibility perioperatively, it is far from
being the sole task. As advocates of patient safety, anesthesiol-
ogists are also involved in setting and monitoring the patient’s
position during surgery.

Because nerve injuries resulting from patient malposition-
ing may lead to serious morbidity, the American Society of
Anesthesiologists (ASA) published a practice advisory for the
prevention of peripheral neuropathies associatedwith position-
ing in the perioperative period. Furthermore, a task force was
created aiming at practice improvement based on limited avail-
able scientific data. In this chapter, we discuss themost common
patient positions during surgery; explore how patient position-
ing may lead to adverse outcomes, particularly nerve injuries;
and review the current guidelines for preventing nerve injuries
due to malpositioning.

Preparation
Planning the intraoperative patient position begins in the pre-
operative visit. At this time, the anesthesiologist should have
an understanding of the procedure and the patient’s expected
position during surgery.This knowledge helps determinewhich
structures are at high risk of injury. Any existing nerve injury
should be documented carefully, with emphasis on focal motor
or sensory deficits. Examples include a history of hand numb-
ness, radicular pain in the extremities, and chronic back pain.
There are other aspects of themedical history that are important
risk factors associated with adverse outcomes due to position-
ing. The ASA task force enumerated six risk factors:
Preexisting neurologic symptoms
Body habitus
Diabetes mellitus
Peripheral vascular disease
Alcohol dependency
Arthritis

Thus, a thorough knowledge of the patient’s medical history is
vital in assessing the risk of nerve injury due to positioning. In
addition, during the preoperative visit, the practitioner should
discuss with the patient any potential risks of nerve injury. The
patient’s position during surgery is a joint decision between the

surgeon seeking to facilitate surgery and the anesthesiologist
assessing for risk of injury. After induction of anesthesia and
once a sterile field has been created, the patient’s position is
final.

Monitoring
After the patient has been positioned in the operating room, the
anesthesiologist must make one final position check before the
sterile field is created: All pressure points must be cushioned
and vulnerable joints well supported.The patient under general
anesthesia should look as if sleeping comfortably.

There are many instances during surgery in which patient
movement or change in position might occur, potentially lead-
ing to adverse outcomes. For example, the surgeon might lean
on the patient’s arm or face, the Trendelenburg position might
be too steep, or the patient’s arm might fall off the arm board.
Constant monitoring, quick assessment, and possible correc-
tion of these changes are of the utmost importance in pre-
venting adverse outcomes. General preparation andmonitoring
of the patient’s position are indeed essential to prevent nerve
injury. However, specific knowledge of different surgical posi-
tions, and the risks associated with them, is equally important.

Common positions and their related injuries
Supine position
The supine position is the most common position during
surgery (Fig. 51.1). The arms may be abducted or adducted

Ulnar nerve
Radial nerve

Lumbar area

Heel

Supine

Figure 51.1. Supine position.
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Figure 51.2. Arm positioning: olecranon, ulnar nerve, and surrounding structures.

depending on the type of surgery and the surgeon’s preference.
When the arm is in the abducted position, the ASA task force
recommends that the angle be ≤90◦. In fact, multiple stud-
ies have demonstrated that arm abduction beyond 90◦ is asso-
ciated with brachial plexus injury. In the abducted position,
the ASA recommends placing the forearm so that the olecra-
non process rests on the padded board, minimizing pressure
on the ulnar nerve (Fig. 51.2). However, for some patients this
position may be uncomfortable. Furthermore, upper-extremity
supinationmay cause brachial plexus stretching.Thedecision to
pronate or supinate often is made by the anesthesiologist based
on the patient’s comfort, before induction of anesthesia. The
ASA task force generally advises that the forearm be supinated
or placed in a neutral position. When the adducted position is
selected, care must be taken to avoid arm compression by any
external device (e.g., metal side rails) and to ensure appropriate
padding. The forearm should be placed in a neutral position.

The most common nerve injury following surgery is ulnar
neuropathy. There is evidence that placement of the arm in a
nonsupinated position may contribute to the development of
ulnar neuropathy. Although classically this injury was believed
to always be the result of compression of the ulnar nerve at
the level of the elbow, more recent nerve conduction studies
have proved this belief incorrect. Current data indicate that the
patient’s susceptibility to injury, in the form of preexisting ill-
ness or other risk factors, may play a more important role. It is
important to note that 40% of the general, asymptomatic pop-
ulation has anatomic variations of the ulnar nerve at the elbow.
For this reason, it is important to pad generously around the
medial epicondyle.

Although less common, other nerve injuries may occur in
the supine position. Relaxation of the paravertebral spine mus-
cles secondary to anesthesia may cause the loss of normal lum-
bar lordosis. If the patient has chronic low back pain secondary
to herniated disks, listhesis, or other abnormalities of the spine,
there is a likelihood that the patient may suffer from nerve root
compression or radiculopathy. Radial nerve injury also may
occur, most often as a result of external pressure on the nerve
as it traverses the spiral groove of the humerus in the lower
third of the arm. At this point, it is most sensitive to injury

secondary to pressure. Caution should be exercised to avoid any
external pressure on the patient’s arms, especially in the pres-
ence of metal side frames. Finally, focal alopecia also has been
documented with the supine position. It can be prevented by
moving the patient’s head every 2 hours or using a foam pad.

Prone position
Potential pressure points in the prone position (Fig. 51.3)
include the cheek, ear, acromion process, breasts (women), gen-
italia (men), patella, and toes. In the prone position, the head
may be tilted to one side; however, this may worsen any pre-
existing cervical spine pathology. It is recommended that for
any patient with cervical spine pain or cerebral vascular dis-
ease placed in the prone position, specialized padding be used
to keep the head in the neutral position. However, care must
be taken not to cause pressure buildup on the face, especially
the eyes, as this may lead to retinal ischemia. The arms may be
placed at the patient’s sides or flexed at the elbow and shoul-
der and placed on arm boards alongside the patient’s head. Pads
or rolled towels may be used to support areas of the arms sus-
pended. A pillow usually is placed under the lower legs to alle-
viate pressure on the toes and feet. If the arms are to be placed
above the patient’s head, a preoperative examination should
rule out thoracic outlet syndrome, whichmight lead to brachial
plexus injury. If the arms are to be placed alongside the patient’s
body, attention must be given to placing the padding above the
elbow to prevent equipment or personnel-related pressure over

Toes
Knee

Genitalia
(male)

Breasts
(female) Acromion

process

 Face

Prone

Figure 51.3. Prone position.
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Heel
Ankle

Knee
(lateral side)

Knee
(medial side)

Hip
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Figure 51.4. Lateral decubitus position.

the ulnar nerve.The patient may require a chest roll to allow for
diaphragmatic excursion.

Lateral decubitus position
Potential pressure points in the lateral decubitus position
include the ear, acromion process, ribs, ilium, greater tro-
chanter, medial and lateral condyles, and malleolus (Fig. 51.4).
The lateral decubitus position also places the patient at an
increased risk for brachial plexus injury. Typically, the bottom
arm is placed in an arm board and the top arm is supported by a
pillow or other supporting devices parallel to the lower arm. An
axillary roll helps prevent damage to the brachial plexus. How-
ever, if the axillary roll is displaced or misplaced, pressure over
the head of the humerus may result in a brachial plexus injury
secondary to compression. Stretching of the brachial plexus of
the nondependent upper extremity can be limited by aligning
the cervical and thoracic spine and keeping the head in the neu-
tral position. Care must be taken to avoid pressure over the
axilla, which may cause compression of the brachial plexus and
nerve damage. Proper head support also prevents straining of
the spinal facet joints. The patient’s head can be supported by
a pillow, keeping the head in normal anatomic alignment with
the rest of the body. The patient’s bottom leg should be flexed,
and a pillow should be placed between the legs.

Lithotomy position
The use of the lithotomy position is associated with multiple
peripheral nerve injuries (Fig. 51.5). The nerves at increased
risk for injury are the femoral, commonperoneal, sciatic, saphe-
nous, and obturator nerves. Reducing the risk of injury to
these nerves is accomplished by proper padding over suscep-
tible areas. These vulnerable nerve sites should be clear of hard
surfaces or metal braces.

If shoulder braces are used, the patient is at a higher risk
for injury. The use of these braces has become more contro-
versial, and there is now evidence that they are associated
with brachial plexus injury, likely as a result of the weight of
the torso compressing the plexus. A patient with a history of
lumbosacral spine pathology also is at an increased risk for
worsening symptoms. The best way to prevent further injury is

Lateral femoral
cutaneous nerve

Common 
peroneal
nerve

Saphenous
nerve (medial)

Posterior
tibial nerve

Figure 51.5. Lithotomy position.

to have the patient try the position while awake and report any
discomfort.

Trendelenburg position
The Trendelenburg (or “head-down”) position (Fig. 51.6) is
common, especially during laparoscopic surgery. In this posi-
tion, the patient may be at a high risk for brachial plexus injury,
especially if pressure is placed on the shoulders to prevent the
patient from sliding in the cephalad direction.

Sitting position
Potential pressure points in the sitting position include the
scapulae, ischial tuberosities, back of the knees, and calcaneus.
Common nerve complications of the sitting position include
excessive neck flexion leading to spinal cord ischemia, and sci-
atic nerve injury from excessive lower-extremity extension.

Subsequent care of nerve injury
Intraoperative positional nerve injuries manifest immediately
when the patient wakes from surgery. A delayed diagnosis is
not uncommon, however, and may be secondary to the postop-
erative patient being intubated, sedated, casted, or not ambula-
tory.Thedeficit is usuallymost severe immediately after surgery

Risk at shoulder
if restraint used

Figure 51.6. Trendelenburg position.
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and often improves with time. The anesthesiologist should be
informed as soon as possible of any adverse outcomes in the
perioperative period. In case of suspected nerve damage, a
detailed history should be taken and a focused physical exam-
ination performed. Sensory or motor changes should be noted
and compared with the preoperative assessment.

If nerve injury is suspected after the initial assessment, a
neurology consultation should be obtained for further exami-
nation and testing. The hiatus for a neurology consult should
be within the first 2 weeks postinjury. Testing within this time-
frame is important to determine the temporal nature of the
nerve injury. Electromyography (EMG) may show no changes
within the 2-week time period if the injury is acute. If the injury
is chronic (preexisting), the EMGmay be abnormal within that
period. If testing is done beyond that, EMGmay be positive for
both acute and chronic injuries. Thus, the combination of ini-
tial testing within the first 2 weeks and repeated testing after
this periodwill allow determination ofwhether the nerve injury
occurred during surgery or was preexisting.The operative posi-
tion used should be reviewed carefully by the surgeon and anes-
thesiologist. Any erythema or other skin changes indicative
of prolonged pressure should be documented. The alternative
diagnosis of an inflammatory (noncompressive) neuritis can be
ruled out if the neurologic deficit is present immediately after
surgery, because neuritis often takes several days to develop.
Some practitioners also test the opposite limb to determine
whether there are any unrecognized abnormalities that might
predispose the patient to injury.

If a diagnosis of acute peripheral neuropathy is made, the
patient should be reassured that most symptoms resolve within
the first 6 weeks. Symptomswill resolve faster if the nerve injury
causes only a sensorial deficit. Studies show that up to 80% of
patients have no residual symptoms 6 months after the injury.
Persisting pain can then resolve within the year. However, after

1 year, only a minority will get better within 24 months and
after that the symptoms will more than likely be permanent. If
the symptoms do not improve within 6 weeks, or if there is dis-
ruption of daily living activities, the patient should be referred
to a pain management specialist. Although interventions such
as nerve blocks will not hasten overall recovery, pain relief
can allow more aggressive physical therapy. This is particularly
important because physical therapy decreases the incidence and
severity of complex regional pain syndrome and allows faster
recovery of function.
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52 Emergence from anesthesia
Michael P. Storey and Richard D. Urman

Emergence from anesthesia is a critical time for the patient and
the anesthesia provider. As surgery comes to a close, a patient
emerging from anesthesia requires the full attention and focus
of the anesthesia provider. At the end of anesthesia and surgery,
the patient should typically be awake or easily arousable, be
able to protect the airway, maintain adequate ventilation, and
have his or her pain adequately controlled. Time to emergence
from anesthesia varies, depending on many patient factors as
well as the type and length of surgery and the type of anesthetic
administered.

Delayed emergence
Delayed emergence or awakening is common after prolonged
surgery and anesthesia. Although no specific definition of
delayed awakening exists, it is commonly described as the case
in which a patient takes longer to awaken from a specific cir-
cumstance than a clinician would expect.The causes of delayed
awakening from anesthesia are listed in Table 52.1.

Residual drug effects
Most often, delayed awakeningmay be attributed to the residual
effects of drugs. The speed of emergence from a volatile anes-
thetic primarily depends on the patient’s alveolar ventilation
and the anesthetic’s blood/gas solubility. Less soluble agents,
such as nitrous oxide and desflurane, are eliminated faster than
more soluble agents, such as isoflurane. In addition, hypoven-
tilation will result in prolonged emergence. Finally, as a case
lengthens, the anesthesia provider must factor in the anesthetic
agent’s total tissue uptake that is related to the drug’s solubility,
the concentration being delivered, and duration of administra-
tion. End-tidal gas monitoring is now used routinely, and it is
important to ascertain that it is working properly. Using a bi-
spectral index monitor may provide an estimate of the level of
consciousness if an unexpected delay is encountered.

Table 52.1. Causes of delayed awakening from anesthesia

Residual drug effects
Respiratory failure (hypercarbia and reduced oxygen delivery)
Cardiovascular complications
Metabolic derangements
Neurologic complications

The anesthesia provider should always suspect a drug over-
dose or error, as well as the possibility of an increased sen-
sitivity to a particular drug. This may be particularly true of
elderly and chronically ill patients and patients with impaired
drug metabolism because of underlying liver, kidney, or enzy-
matic deficiency. It is important to assess for the possibility of
an overdose of the commonly usedmedications, such as benzo-
diazepines, opioids, and neuromuscular blockers.

For intravenous (IV) anesthetic agents, immediate recovery
generally depends on redistribution from the brain to less vas-
cular organs, muscle, and fat. Propofol is rapidlymetabolized in
the liver, with a short terminal half-life andminimal accumula-
tion over time.Thiopental, a formerly popular induction agent,
is metabolized at a slower rate and has a longer terminal half-
life than propofol. As a result, it may demonstrate cumulative
effects following higher doses.

Respiratory failure
Respiratory failure may lead to delayed emergence. Hypoventi-
lationmay lead to hypercarbia that can cause sedation and even
unconsciousness (i.e., carbon dioxide [CO2] narcosis) when
profound. Respiratory failure may be a result of a preexisting
condition such as chronic obstructive pulmonary disease but
also may be the result of persistent paralysis from neuromus-
cular blockers, respiratory depression following opioids, or air-
way obstruction. In this case, a blood gas measurement may be
helpful.

Cardiovascular complications
Cardiovascular causes of delayed emergence, such as heart
failure, cardiac arrhythmias, or hypotension, may result in
inadequate delivery of blood and oxygen to the brain. The
hypotension should be reversed (by IV fluids or blood products
and/or vasopressors, as appropriate) and the underlying rhythm
and contractility issues treated appropriately.

Metabolic causes
Hypoglycemia may occur in patients taking insulin or oral
hypoglycemics. It is more common in infants and in patients
with liver failure.Hyperglycemiamayoccur in diabetic patients,
possibly leading to diabetic ketoacidosis or diabetic coma.
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Table 52.2. Stages of anesthesia

Stage Description

I Amnesia, induction of anesthesia to loss of consciousness

II Delirium, excitation, potential for vomiting, laryngeal spasm,
hypertension, tachycardia, uncontrolled nonpurposeful
movements, dilated pupils

III Surgical anesthesia, constricted pupils, regular respiration,
adequate anesthetic depth, prevention of hypotension and
tachycardia, absence of movement

IV Overdosage; shallow or no respiration; dilated, nonreactive pupils;
hypotension

Serum glucose should be checked if an abnormal glucose level
is suspected. Serum electrolytes should be checked to detect a
sodium, potassium, calcium, or magnesium imbalance.

Severe hypothermia may lead to reduced consciousness.
Body temperature in the low 30◦C range may lead to respira-
tory depression, potentiate the central nervous system effects
of anesthetic drugs, reduce the minimum alveolar concentra-
tion of inhalational anesthetics, potentiate muscle relaxants,
and slow metabolism of other drugs.

Neurologic complications
It also is important to rule out neurologic causes of delayed
awakening, such as increased intracranial pressure, cerebral
hemorrhage, and air or fat embolism. If a neurologic cause is
suspected, a neurologic consultation should be ordered and the
patient should remain intubated until all the potential causes
are explored.

Extubation
Near the end of emergence, the anesthesia providermust decide
when to remove the airway device – generally an endotracheal
tube (ETT) or a laryngeal mask airway (LMA). If the ETT
or LMA is removed too early, the patient may not adequately
breathe or protect the airway. If the patient is still in stage II of
anesthesia (see Tables 52.2 and 52.3), the patient may develop
laryngospasm or not be able to support his or her airway. How-
ever, if the ETT or LMA is in place when the patient is fully
conscious, it may cause severe discomfort to the patient.

Extubation criteria
Extubation criteria are listed in Table 52.4. Ideally, the patient
should be able to perform simple actions on command, such as
eye opening, hand grasping, or holding his or her head off the
operating table for at least 5 seconds. Additionally, the anesthe-
sia provider should assess for other useful extubation criteria,
such as a regular respiratory pattern, a respiratory rate of �30
breaths per minute, tidal volumes of at least 5 ml/kg, positive
end-expiratory pressure (PEEP) requirements≤ 5 cmH2O, and
a negative inspiratory force� − 20 cmH2O. It is also important
to ensure that the patient is not hypoxic or hypercarbic (end-
tidal CO2 � 50 mm Hg). A vital capacity � 10 ml/kg indicates

Table 52.3. Effects of anesthesia at different stages

Stage Pupil Pulse
Blood
pressure Respiration

I (induction) Fast Baseline Normal

II (excitement) Fast High
Automatic and
regular

III (surgical) Slow Baseline
Intercostal
muscle paralysis

IV (overdose)
Weak,
thready Low

Diaphragmatic
paralysis

that the patient’s coughing should be able to clear secretions and
help maintain airway patency.

For extubation to be attempted, the patient should be
breathing 100% oxygen with a high flow rate. The increased
flow rate will help expedite the removal of residual anesthetic
gases from the patient and the anesthesia circuit. If the anes-
thesia provider believes extubation can be performed success-
fully, the patient’s oropharynx should be gently suctioned to
remove any secretions from above the cuff of the ETT. After
suctioning, the ETT cuff should be fully deflated, the reservoir
bag squeezed, and the breathing tube gently removed from the
trachea. The purpose of squeezing the reservoir bag is to cre-
ate a positive pressure, thereby helping to blow any remaining
secretions above the ETT cuff upward, instead of allowing them
to fall onto the vocal cords. The anesthesia mask should then
be attached to the anesthesia circuit and placed on the patient
to ensure he or she is breathing adequately after extubation.
After it has been determined that the patient can maintain a
patent airway and adequate oxygenation while breathing spon-
taneously, supplemental oxygen may be delivered via a simple
face mask or nasal cannula may be used during transport to the
postanesthesia care unit (PACU).

Airway complications during emergence
Upper airway obstruction
Upper airway obstruction in a patient emerging from anesthe-
sia may occur for a variety of reasons. Possible causes include

Table 52.4. Extubation criteria

Negative inspiratory force > − 20 cm H2O
Tidal volume > 5 ml/kg
PaO2 65–70 mm Hg on FiO2 < 40%
Respiratory rate < 30/min
Vital capacity > 10 ml/kg
PaCO2 < 50 mm Hg
PEEP < 6 cm H2O
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secretions, glottic edema, and foreign bodies such as teeth or
dentures, secretions, blood, or vomit. The most common cause
of upper airway obstruction is the tongue. Airflow is blocked
when the tongue falls back into a position that occludes the
pharynx, resulting in a partial or total obstruction. Common
signs and symptoms of upper airway obstruction include snor-
ing, intercostal and suprasternal retractions, paradoxic respira-
tions, and use of the accessorymuscles of respiration. To relieve
an upper airway obstruction, a patent airway must be estab-
lished. This can often be accomplished simply by stimulating
the patient, repositioning the head, or using the “head tilt, chin
lift” technique or a jaw thrust. At times, an airway adjunct such
as a nasal or oral airway may be needed.

Laryngospasm
Laryngospasm is a true life-threatening emergency. Laryn-
gospasm occurs with stimulation of the superior laryngeal
nerve, when the vocal cords spontaneously close and remain
closed. This may be the result of light anesthesia, irritating gas
in the airway, or a mechanical cause such as instrumentation in
the airway or secretions falling onto the vocal cords. Signs and
symptoms of laryngospasm include the inability to ventilate the
patient, acute respiratory distress, absent breath sounds, severe
agitation, and oxygen desaturation.

Laryngospasm must be treated immediately. Suctioning of
the oropharynx and positive pressure ventilation with 100%
oxygen should be initiated at once. Maintaining PEEP may be
helpful. Performing a jaw thrust while applying positive pres-
sure with a tight-fitting anesthesia mask and inserting an oral
or nasal airway also may be helpful. These maneuvers often
are enough to break intermittent or complete laryngospasms.
However, if they fail, 10 to 20 mg of IV succinylcholine may be
administered to aid in breaking the laryngospasm.

Laryngeal edema may cause swollen vocal cords to approx-
imate and, as a result, allow little air to pass; it is characterized
by a high-pitched inspiratory noise. Laryngeal stridor is often
confused with a partial airway obstruction. Initially, treatment
should include suctioning the oropharynx or performing a
“head tilt, chin lift” or jaw thrust. If the patient still remains
stridorous, additional options include placing an oral or nasal
airway and, finally, attempting continuous positive airway
pressure (CPAP) with a tight-fitting anesthesia mask. If stridor
still does not resolve, it most likely is laryngeal in nature. Treat-
ment in this case consists of racemic epinephrine (0.5 ml in
2 ml normal saline) via a nebulizer. These measures are usually
adequate. However, if the patient is still struggling to breathe,
heliox with a maximum fraction of inspired oxygen content
(FiO2) of 35% may be instituted. When heliox is administered,
an FiO2 � 35% may be ineffective because of the increasing
density of the gas mixture with increasing FiO2. In addition to
heliox, mild sedation and anxiolysis may be beneficial.

Bronchospasm
Bronchospasm is caused by increased bronchial smooth mus-
cle tone. A bronchospastic patient experiences closure of the

small airways, resulting in “tight” breathing. Patients with reac-
tive airway disease and smokers are at greater risk than others
for bronchospasm.These patientsmay be treated prior to induc-
tion and emergence with a �2-agonist bronchodilator such as
albuterol. Bronchospasm also may be the result of aspiration,
secretions, airway instrumentation, or reaction to medications.
Any mechanical triggers of bronchospasm, such as oropharyn-
geal secretions, should be removed or alleviated. Patients are
then usually treated with �2-agonists via a nebulizer or inhaler.
If the bronchospasm is life threatening, epinephrine may be
administered endotracheally or IV.

Pulmonary aspiration
Aspiration during emergence may result in severe hypoxemia
and morbidity. An actively vomiting patient should be vigor-
ously suctioned in a head-down tilt. Aspiration of gastric con-
tents may lead to adult respiratory distress syndrome, hypoxia,
atelectasis, bronchospasm, infection, or chemical pneumoni-
tis. Aspiration is treated by alleviating the hypoxemia, main-
taining airway patency, and supporting hemodynamic status.
Antibiotics should be given only in response to culture-proven
pneumonia. Some patients who have aspirated gastric con-
tents may need to remain intubated postoperatively to prevent
hypoxemia.

Pulmonary edema
Pulmonary edema is characterized by engorgement of the
perivascular and peribronchial interstitial tissues and by alve-
olar edema. During emergence, it is often the result of one of
two causes.

Negative pressure pulmonary edema occurs when a patient
creates a strong negative pressure within the chest. This often
results from an attempt to take a large-volume breath through a
small ETT or to breathe against a closed glottis. Negative pres-
sure pulmonary edema may result in severe hypoxemia. Sup-
portive treatment, including reintubation, is often necessary.

Pulmonary edema that is cardiac in nature may occur dur-
ing emergence and extubation. Treatment of cardiogenic pul-
monary edema also begins with supplemental oxygen therapy.
Occasionally patients may need to be reintubated or placed on
CPAP to maintain oxygenation. Therapy such as furosemide
diuretics and fluid restriction also may be beneficial to the
patient postoperatively.

Hypoventilation
Hypoventilation is a common finding after general anesthesia,
especially if opioids have been given. Depression of respira-
tory drive, inadequate reversal of paralytics, pain from surgery,
and neuromuscular disease also may result in hypoventilation.
Hypoventilation is often defined as a PaCO2 � 45 mm Hg,
although it often is clinically apparent only when the PaCO2
rises above 60 mm Hg and the arterial pH is � 7.25. A promi-
nent sign of hypoventilation is a decreased respiratory rate and
tidal volume.Theremay ormay not be a concurrent decrease in
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Table 52.5. Common causes of emergence delirium

Physiologic Pharmacologic

Hypoxemia Gastric dilation Ketamine
Hypercapnia Bladder distention
Electrolyte imbalance Pain Benzodiazepines
Alcohol withdrawal Hypothermia Metoclopramide
Intracranial injury Sensory overload Atropine, scopolamine
Sepsis Sensory deprivation Inhalational anesthetics

oxygen saturation, especially if the patient had been venti-
lated with a high concentration of oxygen. Treatment should
be aimed at the underlying cause, such as treating opioid over-
dosage with naloxone in titrated doses and fully reversing neu-
romuscular blocking drugs. Adequate ventilation should be
assured either by assisting the patient’s respirations or through
positive pressure ventilation.

Emergence delirium
Emergence delirium or agitation may be caused by a variety
of factors, both physiologic and pharmacologic (Table 52.5). It
often occurs in very young or in elderly patients. Emergence
delirium is characterized by severe disturbances in attention,
orientation, perception, arousal, and intellectual function. It is
often associated with fear and agitation, occasionally requir-
ing the use of restraints to prevent injury to the patient or care

providers. Periods of excitement or agitation may be followed
by periods of lethargy and inappropriate behavior.

Arterial hypoxemia or hypercapnia should be ruled out as a
cause of agitation, as should possible pharmacologic or physi-
ologic causes. Benzodiazepines may be useful for sedating and
calming patients. Other useful agents include physostigmine,
haloperidol, analgesics, and �2-agonists (e.g., dexmedetomi-
dine). Fortunately, most incidences of emergence delirium are
time limited and resolve prior to the patient’s discharge from
the PACU.
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Chapter

53 Postoperative complications in the PACU
Ala Nozari and Edward A. Bittner

Patients are often admitted to a postanesthesia care unit (PACU)
for recovery after procedures that require anesthesia or seda-
tion. It is essential that specially trained personnel are imme-
diately available to supervise the postprocedural care of these
patients, particularly if they have complicating medical prob-
lems or have undergone challenging surgical procedures. Com-
plications in the PACU are common (Fig. 53.1). Anticipation,
identification, and timely management of postoperative prob-
lems lead to decreased perioperative morbidity and mortality,
improve the overall care, and enhance patient satisfaction.

The American Society of Anesthesiologists (ASA) has pub-
lished standards for postoperative care (Table 53.1).These stan-
dards provide five general principles intended to ensure safe
postoperative recovery.

Patients admitted to the PACU should be monitored and
assessed as follows:

� Respiratory: respiratory rate, oxygen saturation, airway
patency

� Cardiovascular: heart rate, blood pressure,
electrocardiogram (ECG)

� Neuromuscular strength
� Pain
� Mental status
� Nausea or nausea/vomiting (see Chapters 41 and 54)
� Temperature
� Urine output
� Surgical site bleeding or drainage

Airway obstruction
Complete or partial airway obstruction is among themost com-
mon perioperative complications andwithout treatment, it may
lead rapidly to life-threatening hypoxemia. Pharyngeal obstruc-
tion caused by posterior tongue displacement or soft tissue
collapse can be managed successfully with simple maneuvers
such as a chin lift, jaw thrust, and lateral decubitus positioning.
Nasopharyngeal or oropharyngeal airways may be helpful but
are not always tolerated by awake patients. Laryngeal or sub-
glottic edema is often treatedwith head-uppositioning andneb-
ulized epinephrine and steroids, but it may require emergency
reintubation or tracheostomy.

Laryngospasmmay be precipitated by the presence of an air-
way irritant such as blood or secretions, or by the insertion of
an oropharyngeal airway or other foreign bodies. Unrelieved
laryngospasmmay lead to the development of negative pressure
pulmonary edema. Jaw thrust and positive pressure ventilation
may be helpful, but occasionally a small dose of succinylcholine
or intravenous (IV) anesthetic may be required to relieve the
spasm.

Other common postoperative complications that may
result in complete or incomplete airway obstruction include
direct laryngeal trauma, extrinsic airway compression from an
expanding neck hematoma, and vocal cord paralysis caused by
recurrent laryngeal nerve injury. Unilateral vocal cord paralysis
results in hoarseness, with the ipsilateral vocal cord fixed in a
paramedian position, whereas bilateral paralysis results in air-
way occlusion and requires emergent intubation or a surgical
airway.

Exacerbation of obstructive lung disease is frequent in the
postoperative course of patients with preexisting disease and
may require treatment for bronchospasm and airway inflam-
mation, as well as correction of hypoxemia and hypercapnia.

Hypoxemia
Common causes of hypoxemia (PaO2 � 60 mm Hg) in the
early postoperative period include hypoventilation and atelec-
tasis. Hypoventilation may be caused by respiratory mus-
cle weakness, decreased ventilatory drive, or exacerbation of
chronic pulmonary disease. Incomplete reversal of neuromus-
cular blockade, more commonly observed in patients who
receive long-actingmuscle relaxants such as pancuronium,may
result in generalized weakness with uncoordinatedmovements,
shallow breathing, atelectasis, and hypoxemia.

Inadequate analgesia, gastric distention, restrictive surgical
dressings, and obesity may increase the work of breathing and
contribute to the development of respiratory failure and hypox-
emia. Residual anesthetics and ventilatory depression from
opioids and benzodiazepines also may cause significant hypo-
ventilation with carbon dioxide retention, respiratory acidosis,
and hypoxemia.

A cerebrovascular accident should be ruled out in a patient
with hypoventilation and altered mental status.
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Figure 53.1. Major PACU complications by percentage of occurrence, from a prospective study of 18,473 patients. Reproduced with permission. (From Hines R,
et al. Complications occurring in the postoperative care unit: a survey. Anesth Analg 1992; 74:503–509.) ROMI, rule out myocardial infarction.

Aspiration is an infrequent cause of perioperative hypox-
emia but may result in severe morbidity. Inhalation of sterile
acidic gastric contents may cause aspiration pneumonitis,
whereas contents colonized with pathogenic bacteriamay cause
pneumonia. Symptoms depend on the type and volume of
the material aspirated and include bronchospasm, tachyp-
nea, hypoxemia, tachycardia, and hypotension. Aspiration of
large volumes may require bronchoscopy to remove partic-
ulate matter from the tracheobronchial tree, administration
of bronchodilators, and mechanical ventilation for correction
of hypoxemia and hypercapnia. Empiric antibiotic treatment
is not recommended. Steroids have not been shown to be
beneficial.

Pulmonary edema caused by left ventricular dysfunction
or mitral valve disease (cardiogenic pulmonary edema) or

Table 53.1. ASA standards for postoperative care

I All patients who have received general anesthesia, regional anesthesia,
or monitored anesthesia care shall receive appropriate postanesthesia
management.

II A patient transported to the PACU shall be accompanied by a member
of the anesthesia team who is knowledgeable about the patient’s
condition. The patient shall be continually evaluated and treated
during transport with monitoring and support appropriate to the
patient’s condition.

III Upon arrival to the PACU, the patient shall be reevaluated and a verbal
report provided to the responsible PACU nurse by the member of the
anesthesia care team who accompanies the patient.

IV The patient’s condition shall be evaluated continually in the PACU.

V A physician is responsible for discharge of the patient from the PACU.

From the ASA Standards for Postanesthesia Care. Available at:
http://www.asahq.org/publicationsAndServices/standards/36.pdf.
Accessed August 2008.

increased pulmonary capillary permeability (noncardiac pul-
monary edema)may hinder gas exchange and lead to significant
hypoxemia. Supplemental oxygen, diuretics, and vasodilators
may reverse the course of the disease, but mechanical venti-
lation with positive end-expiratory pressure may be required
in some cases. A cardiology evaluation may be indicated if
myocardial ischemia or valvular disease is a contributing factor.

Pulmonary embolism is another cause of hypoxemia. It is
associated with significant perioperative morbidity and mor-
tality. The most common cause of pulmonary embolism is a
venous thrombosis, usually originating in a leg or pelvic vein.
Thrombosis is triggered by venous stasis, hypercoagulability,
and inflammation of the vascular wall.

Other common materials that can form emboli include fat
that escapes into the blood from a long bone fracture or mobi-
lized during orthopedic surgery, and amniotic fluid embolized
into the pelvic veins during a tumultuous childbirth.

Symptoms of pulmonary embolism include dyspnea,
pleuritic pain, hypoxemia, and, in severe cases, cardiovascular
compromise or collapse. As thrombolysis and aggressive anti-
coagulation often are contraindicated in the early postoperative
period, treatment generally is only supportive. However, an
inferior vena cava filter may be beneficial in preventing further
embolism.

Pneumothorax should always be considered in patients with
respiratory distress or hypoxemia, particularly after thoracic
or upper abdominal procedures, tracheostomy, or central line
placement. Auscultation of the lungs will reveal decreased or
absent breath sounds over the affected lung, but chest radiogra-
phy often is required to confirm the diagnosis.

Tension pneumothorax causes rapid deterioration in gas
exchange and marked hemodynamic instability and requires
immediate decompression.
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Hypotension
Hypotension is a common postoperative complication, and
hypotension may result from intravascular volume depletion
or decreased cardiac output or vascular tone. Perioperative
hemorrhage, inadequate fluid replacement, and fluid seques-
tration are common causes of intravascular volume depletion,
and assessment requires consideration of the patient’s preop-
erative volume status, type and duration of surgery, and intra-
operative blood loss and fluid replacement. Administration
of a fluid bolus is considered a safe maneuver for the initial
assessment of a patient’s intravascular volume status. Neverthe-
less, echocardiography may be required if hypotension persists
despite seemingly adequate fluid replacement.

Myocardial ischemia and infarction and dysrhythmias are
common causes of decreased cardiac output and should always
be considered in the hypotensive patient. If present, they should
be treated immediately. Systemic vasodilation due to rewarm-
ing, systemic inflammation and sepsis, neuraxial blockade, or
residual anesthesia also may cause systemic hypotension by
decreasing vascular tone and impairing venous return. Diag-
nosis of the specific etiology is crucial, although vasoconstric-
tors such as phenylephrine or norepinephrine may be used for
symptomatic treatment.

Cardiac dysrhythmia
Cardiac dysrhythmias, common causes of decreased cardiac
output and hypotension in the postoperative period, are most
likely to occur in patients with underlying structural heart dis-
ease. However, sinus tachycardia, the most common cardiac
dysrhythmia in the immediate postoperative period, is usually
benign and resolves when its underlying etiology, such as pain,
anxiety, anemia, hypovolemia, or hypoxia, is treated. Neverthe-
less, in patients at risk for myocardial ischemia, the rate should
be controlled by correcting the underlying cause. Pharmaco-
logical management of tachycardia (e.g., with �-blockers or
calcium channel blockers) should not be attempted until the
aforementioned treatable etiologies are excluded.

Atrial fibrillation, a common dysrhythmia, has the potential
for serious consequences in the postoperative period. Unstable
patients with a rapid ventricular rate require urgent cardiover-
sion,whereas rate control can be achieved in stable patientswith
�-blockers, calcium channel blockers, or amiodarone.

Bradycardia without hypotension is benign and requires no
treatment. In a patient with symptomatic bradycardia, anti-
cholinergics may improve atrioventricular nodal conduction,
but epinephrine, isoproterenol, or ventricular pacing may be
required to increase the ventricular rate. Electrolyte imbalances,
acid–base abnormalities, hypoxia, and pharmacologic effects
of drugs such as digoxin should be ruled out. Complete heart
block may develop in patients with preexisting conduction dis-
ease and often will result in hypotension and inadequate organ
perfusion. A cardiologist should be consulted to assist in the
management of patients with dysrhythmias associated with
hemodynamic compromise.

Myocardial ischemia
ECG changes are common after anesthesia and surgery, result-
ing from the effects of anesthetics and other administered
drugs, increased sympathetic tone, hypothermia, and elec-
trolyte imbalances. Changes in P- or T-wavemorphology, intra-
ventricular conduction, or ST segments may occur in the
absence of a cardiac abnormality or ischemia. Perioperative
myocardial ischemia and infarction often occur within the first
2 days following surgery and may be difficult to diagnose in
the PACU, as residual anesthesia and analgesia may mask chest
pain, and pain perception may be altered because of the com-
peting stimulus of surgical pain.

ECG and serial markers of myocardial injury should be
examined if myocardial ischemia is suspected, and measures
to enhance the myocardial oxygen supply/demand ratio (oxy-
gen administration, rate control, aspirin, and nitrates) should
be implemented immediately. Early consultation with a cardi-
ologist should be considered, particularly in a hemodynami-
cally unstable patient or a patient with evidence of ongoing
myocardial ischemia who may require invasive monitoring
and reperfusion therapy (e.g., thrombolysis, percutaneous
angioplasty).

Pacemaker and implantable
cardioverter–defibrillator dysfunction
Permanent pacemakers and implanted cardiac defibrillators
(ICDs) deserve special consideration in the perioperative
period. The patient’s medical history and pacemaker depen-
dency and possible perioperative complications should be
discussed with the operating room team and the patient’s car-
diologist. Electrocautery used during surgery may increase the
pacing rate or inhibit the pacing function, convert a pacemaker
to “noise reversion” mode, or damage the lead–tissue interface
or the pacemaker or ICD circuitry. ECGmonitoring is essential
in the postoperative setting, and all patients with a pacemaker
or ICD should remain in a monitored setting postoperatively
until the device is interrogated to confirm proper functioning.

Hypertension
Hypertension, a common postoperative problem, frequently
is observed in patients who did not receive their regu-
lar antihypertensive medications preoperatively and is more
commonly present after neurosurgical, vascular, and cardiac
procedures. If uncontrolled, postoperative hypertension can
potentially precipitate surgical bleeding and lead to end-organ
damage, including myocardial ischemia and dysrhythmias,
congestive heart failure, cerebral bleeding, and edema.

Reversible causes of hypertension, such as pain, anxiety,
hypoxemia, and hypercarbia, should be treated before antihy-
pertensive treatment is initiated.The decision to treat hyperten-
sion should take into consideration the patient’s baseline blood
pressure, coexisting diseases, and perceived risk of complica-
tions. Short-term treatment in the PACU is achieved using IV
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agents such as �-blockers (e.g., esmolol, metoprolol), vasodila-
tors (e.g., hydralazine), or labetalol (that is both a�-blocker and
vasodilator). For persistent or refractory hypertension, contin-
uous infusion of a vasodilator such as nitroglycerin or nitro-
prusside may be needed.

Oliguria and urinary retention
Oliguria, defined as urine output � 0.5 ml/kg/h, may be a sign
of acute renal failure, with the risk for significant perioperative
morbidity andmortality. Acute renal failuremay be broadly cat-
egorized as prerenal, renal, or postrenal.

Prerenal failure is the result of reduced renal perfusion, usu-
ally related to hypovolemia or hypotension. In prerenal failure,
renal function is impaired, but there is no parenchymal damage.
Administration of an IVfluid bolusmay be helpful in the assess-
ment of the fluid status, but more extensive workup, including
echocardiography, may also be required.

Postrenal failure is caused by an obstruction to urine flow.
Assessing the urinary catheter for kinking or obstruction (by
irrigation) or catheter migration is important to exclude those
causes, but obstruction of the bilateral urinary tracts also may
cause postrenal failure and may require diagnosis with ultra-
sound or CT imaging of the kidneys.

Acute tubular necrosis refers to necrosis of kidney tubules
and is used to describe the clinical syndrome of reversible
acute intrinsic renal failure that follows an episode of renal
ischemia or exposure to nephrotoxins such as organic sol-
vents, aminoglycoside antibiotics, radiologic contrast media,
and myoglobin. Analysis of urine and plasma osmolality and
electrolytes, acid–base status, and urinemicroscopy is helpful in
the assessment of the etiology, but an ultrasound scan of the kid-
neys, urography, or renal biopsy may be required for definitive
diagnosis. Consultation with a nephrologist may be indicated.

Delirium
Postoperative delirium, the most commonly encountered seri-
ous mental disturbance in the postoperative period, may
present as reduced awareness, apathy, or drowsiness, although
restlessness, hyperactivity, and agitation are more commonly
associated signs. Elderly patients and those with a history of
organic brain disease or mental disorders are at particular risk.
Ruling out physiologic causes of delirium, such as hypoxemia,
hypotension, and hypoglycemia, should be the first priority in
management.

Other common causes include postoperative pain, bladder
distention, and electrolyte and acid–base disturbances. Anti-
cholinergics, opioids, and benzodiazepines are medications
commonly associated with postoperative delirium. Physostig-
mine may be helpful if centrally acting anticholinergic drugs
are the suspected cause. The catatonic effect of droperidol or
haloperidol may be beneficial by protecting the patient from
physical harm, although it does not improve the disordered
thinking of delirium.

Pain
Most patients experience pain in the PACU, with approxi-
mately 20% describing the pain as severe. Adequate postop-
erative analgesia should always begin in the operating room
and continue into the PACU (see Chapter 144). Opioids remain
themainstay of postoperative analgesia, with patient-controlled
analgesia being preferred over intermittent boluses (see Chap-
ter 37). Intravenous patient-controlled analgesia results in
greater patient satisfaction compared with intermittent analge-
sia administered by nursing staff and should be promptly initi-
ated in the PACU when indicated..

COX inhibitors are effective complements but have poten-
tial side effects, such as nephrotoxicity, decreased platelet aggre-
gation, and gastrointestinal bleeding (see Chapter 42). Regional
or peripheral sensory blockade is an effective alternative for
patients in whom opioids are contraindicated.

Temperature abnormalities
Hypothermia remains a common problem in the postopera-
tive period, despite an increasing body of evidence supporting
intraoperative temperature control and advances in warming
technology. Even mild hypothermia is associated with adverse
postoperative complications, including myocardial ischemia,
arrhythmias, coagulopathy, and wound infection. Warm blan-
kets usually are sufficient therapy for patients with mild
hypothermia, although forced-air warming devices are more
efficient. Pharmacologic control of shiveringmay sometimes be
achieved with a small dose of meperidine (e.g., 12.5–25 mg).

Significant hyperthermia is relatively uncommon in the
immediate postoperative period. Mild elevation in body tem-
perature, however, is not infrequently associated with the
inflammatory response that accompanies surgery. Although
infection is always a concern in the postoperative patient with
hyperthermia, it is less likely than other etiologies to be the
cause, unless bacteremia is provoked by the procedure or the
patient had a preexisting infection. Febrile reaction to a med-
ication or blood product should always be considered. Less
common causes of postoperative hyperthermia include hyper-
thyroidism, malignant hyperthermia, and neuroleptic malig-
nant syndrome. Treatment should be targeted toward the
most likely etiology, although symptomatic treatment with
acetaminophen may be helpful for patient comfort and to min-
imize the metabolic demands of fever.

Fluid administration in PACU
The use of colloid solutions or crystalloids for perioperative
fluid resuscitation continues to generate significant debate.
A possible advantage of colloids is related to their potential
for effective and prolonged intravascular volume expansion.
Regardless of the type of fluid administered, goal-directed peri-
operative fluid management has been shown to have a positive
impact on outcome and to shorten the hospital stay.
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Similar to the controversy over the ideal perioperative fluid
management, the blood transfusion threshold for patients has
been extensively debated in the literature. Recent reports that
blood transfusion may adversely affect outcomes in critically ill
patients support the application of a more conservative peri-
operative transfusion policy. Hence, it is recommended that
clinicians consider the risk and benefit for each patient when
decidingwhether to use a volume replacement strategy thatmay
involve blood component therapy.

Hemorrhage
Postoperative bleeding requires rapid evaluation to differenti-
ate poor surgical hemostasis, potentially requiring an imme-
diate reoperation, from a diffuse coagulopathy. Surgical and
nonsurgical bleeding often coexist. Ongoing hemorrhage in the
postoperative patient is an emergency requiring immediate
treatment. Risk factors for postoperative hemorrhage, such
as anticoagulation therapy and surgical complications, should
prompt close monitoring in the postoperative period.

Saturated dressings, increased drain output, decrease in
hemoglobin level, hypotension, tachycardia, or decreased urine
output can guide the clinician in assessing the bleeding patient,
but internal bleeding is not always obvious andmay not be iden-
tified until the patient is severely compromised. Coordination
among the surgical and anesthesia teams, the operating room
staff, and the blood bank is essential.

Adequate IV access should be established immediately and
the availability of appropriate blood products ensured. Throm-
bocytopenia, hypothermia, and loss of coagulation factors are
common causes of coagulopathy in these patients, but preexist-
ing medical conditions, such as liver failure and bone marrow
suppression, and specific surgical or nonsurgical complications,
such as disseminated intravascular coagulation and consump-
tion coagulopathy, also should be considered.
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Chapter

54 Management of postoperative nausea and vomiting
Robert M. Knapp

Introduction
Postoperative nausea and vomiting (PONV) is common follow-
ing anesthesia; the overall occurrence rate is 20% to 30%. Much
of the variability reflects the fact that some patients are more
prone to PONV than others and that some anesthetic agents are
more prone to inducing PONV than others. Identifying patients
with PONV-related traits, as well as those who receive PONV-
inducing agents, allows identification of subgroups of patients
whose PONV risk runs as high as 70%.

Patients dislike PONV; however, this does not mean that
they all dislike it equally or that they all fear it as the worst pos-
sible postoperative experience. Attempts to quantify howmuch
patients dislike PONV have mostly involved measuring how
much they claim to be willing to pay to avoid having it after
surgery.Thenumbers are not entirely reliable, however.Thedol-
lar values given by individual patients cover enormous spreads,
and the group median values vary widely from study to study.
Also, it turns out that the values change when the study popu-
lation is broken down into subgroups based on factors such as
age, sex, level of preoperative anxiety, or household income.

Furthermore, even though preoperative questionnaires tend
to rank PONV as the postoperative event most concerning to
patients, those who actually experienced both pain and PONV
felt otherwise. For example, adults who experienced postoper-
ative pain increased the dollar value they had previously placed
on pain relief. They did not, however, change the value they
placed on PONV treatment after having PONV. Similarly, chil-
dren who experienced PONV were more likely to view pain
as their primary concern, even if better pain control meant a
higher risk of vomiting.

Definition of PONV
PONV refers to both nausea and vomiting. Strictly speaking, the
two are different. Nausea is a conscious sensation of an urge to
vomit, whereas vomiting is a reflexive expulsion of gastric con-
tents.The two symptoms seem to be intimately related, however,
and the same measures generally are used to relieve both. For
this reason, PONV is usually referred to and treated as a single
entity.

For treatment purposes, PONV is classified as either early or
late. Early PONVoccurs up to 6 hours after surgery. Late PONV

generally occurs up to 24 hours following surgery, although
some studies expand this definition to 48 hours. Differentiat-
ing between 24 and 48 hours generally reflects an attempt to
differentiate the treatment effects of different drugs.

Mechanisms of PONV
PONV is often described as multifactorial, because the list
of neurotransmitters known or at least suspected to influence
PONV includes histamine, opioid, acetylcholine, muscarine,
neurokinin-1, serotonin, and dopamine. Stimulation of several
specific nerves, particularly the vestibular-cochlear, vagus, and
glossopharyngeal nerves, also may play a role. Because of the
multiple possible neurotransmitters involved, the optimalman-
agement of PONVmay require drugs that interactwithmultiple
receptors.

How is PONVmanaged?
The management of PONV involves three steps. First, the
patient’s risk of having PONV is estimated preoperatively. Sec-
ond, appropriate drugs are given intraoperatively to reduce
this risk. Finally, those who experience PONV nonetheless are
treated in the postanesthesia care unit (PACU). Occasionally,
the anesthetic regimen itself is adjusted to affect PONV risk.

Estimating the risk
A given patient’s risk of having PONV is increased by each “risk
factor” that can be applied. Risk factors are certain traits or
exposures that predispose some people toward having PONV.
The four most prominent risk factors in use today are (1) a pre-
vious history of PONV, (2) a history of not smoking, (3) female
gender, and (4) use of perioperative opioids. Increasing dura-
tion of surgery and certain types of surgery are also associated
with elevated risk. In addition, the act of having anesthesia of
any kind introduces risk, with some agents producing some-
what more risk than others.

In the most popular risk estimation algorithm in use today,
the following is an approximate guide to estimating overall
PONV risk: The simple fact of having any sort of anesthesia
introduces its own small degree of risk, approximately 10%.
(This approximately doubles with the use of a volatile agent with
nitrous oxide [N2O]). Next, the four primary risk factors each
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add approximately 10–20% to the risk level. The mean overall
risk with one, two, three and four risk factors is approximately
20%, 40%, 60%, and 80%, with less precision in the estimates
of the highest risk group (see the studies by Apfel et al. for
more detail). In practice, the precise estimates are less important
than the overall classification of risk to low (0–1 risk factors),
moderate (2 factors), and high (3–4 factors). In addition, if the
operation itself has a known association with PONV, or the
duration seems significant, many anesthesiologists would con-
sider the patient to be at least at moderate risk.

Reducing the risk
Reducing the risk of PONV is almost entirely a matter of giv-
ing medications that are known to reduce the baseline risk. It
is important to remember that risk reduction, rather than risk
elimination, is the expected result. Also, the results from any
one drug are only modest under the best of circumstances – no
medication is a complete preventive. In fact, the most effective
medications stop or prevent one patient in four or five at best
from having PONV. Given this, the primary strategy for reduc-
ing the incidence of PONV is to give the number and combina-
tion of drugs that obtain the most effective decrease in baseline
risk. Tomaximize effectiveness, themedications selected should
provide some degree of relief beyond the immediate recovery
period and should also address the fact that PONV can be trig-
gered from many different sites. The medications given should
reflect a spread of durations as well as a spread of mechanisms
of action.

Numerous regimens have been studied for the prophylaxis
of PONV.Direct comparisons between themare complicated by
differences in the studied patient population and therefore base-
line risk. Moreover, many trials have focused on newer agents
in preference to older drugs (which may be far less expensive
but also less likely to attract funding for large studies). Sev-
eral algorithms have been suggested based on the estimated
PONV risk and most share a common framework. For the low-
est risk patients, no prophylaxis is recommended. For those of
low to moderate risk, one or two drug regimens are suggested.
The most popular such regimens are a serotonin antagonist
alone, or the combination of dexamethasone and a serotonin
antagonist. Although the data supporting timing of administra-
tion are sparse, most authorities recommend steroids be given
early in the case, and anti-serotonin agents just prior to emer-
gence. As noted earlier, there are likely other regimens of sim-
ilar efficacy, although none has been studied as extensively nor
compared head-to-head with this combination. For high-risk
patients, a three- or four-drug regimen (with drugs from differ-
ent classes) is commonly recommended. In addition, efforts to
reduce anesthetic-related factors contributing to PONV risk are
indicated (see “Adjusting the anesthetic regimen”). Reasonable
alternatives to dexamethasone include scopolamine patches
and perhaps the neurokinin-1 receptor antagonists, though the
latter are very expensive. Low-dose butyrophenones (droperi-
dol, haloperidol) are very effective alternatives or supplements

to serotonin antagonists and likely do not significantly increase
the risk of dangerous dysrhythmias such as torsades de pointes.
Metoclopramide is likely effective only in higher doses and not
as effective as serotonin antagonists.

Treating PONV in the PACU
Comparatively little research has been directed at the treatment
of established PONV. Treating PONV in the PACU is partly an
extension of prophylactic regimens and partly an extension of
older regimens passed on by oral tradition. The medications
used in current prophylactic regimens alsomay be used as treat-
ments for PONV. The most important caveat is that if they
already were given as prophylaxis, the medications are unlikely
to have much treatment effect if repeated in the PACU. How-
ever, medications such as low-dose butyrophenones droperi-
dol 0.625 mg intravenously (IV); and haloperidol, 1 mg IV,
may be overlooked as prophylactics so are then available for
PACU therapy. Some medications, such as dexamethasone and
transdermal scopolamine, are not well suited for PACU therapy
because of their prolonged time to onset.

Medications that block the histamine H1 receptor, such
as promethazine and hydroxyzine, are commonly used as
antiemetics. Promethazine has been studied and found to be
more efficacious than a repeat dose of ondansetron given for
PONV in the PACU. The dose most commonly given is 6.25
mg IV, which has shown the same efficacy as doses of 12.5 and
25 mg. If serotonin antagonists have not been used for prophy-
laxis, very low doses (e.g., ondansetron 1 mg) may be effective.

Principles for PACU treatment are as follows:

1. Do not repeat drugs already given for prophylaxis.
2. Consider drugs with good antiemetic properties that have

not already been given, such as a low-dose butyrophenone.
3. When implementing a prophylactic regimen, and if

considering a 5-hydroxytryptamine 3 (5-HT3) antagonist
such as ondansetron, consider reserving it for rescue.

4. Older drugs given on the basis of tradition, such as
promethazine, 6.25 mg IV, may have a significant
antiemetic effect.

Adjusting the anesthetic regimen
In any patient with elevated risk of PONV, it is prudent to min-
imize the contribution of the anesthetic to this risk.

Volatile agents/N2O
Both volatile agents and N2O are widely thought to increase
the incidence of PONV. However, determining the effect of
omitting N2O is complicated by the requirement to substitute
another agent, sometimes potent volatile anesthetics, which
may themselves contribute to PONV risk. Ameta-analysis of 24
trials found that omitting N2O reduced the risk by 27% overall,
with an NNT of 13. However, the effect was highly dependent
on the baseline risk of PONV. In studies in patients with lower
than average risk, the effect of omittingN2Owas not statistically
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significant; in those with above average baseline risk the effect
was stronger and the NNT was 5. The authors also cautioned
that the NNT for intraoperative awareness was 46 compared to
anesthetics in which N2O was used, limiting the overall benefit
of its omission. In separate meta-analyses of trials comparing
propofol, with or without N2O, to inhaled anesthetics with or
without N2O, little benefit was found in substituting propofol
for N2O. The NNT was 9 when propofol was used for induc-
tion only, and 6 when used for maintenance, relative to other
techniques. The early prevention (0–6 hr after surgery) of nau-
sea was the strongest effect of propofol. TIVA (with propofol)
had a NNT of 6 when compared to general anesthesia, includ-
ing N2O. General anesthesia with both volatile anesthetics and
N2O produced more PONV than the other techniques.

Propofol
Propofol is often described as being protective against PONV.
There are three clinical contexts in which this claim is made:
propofol infused as a general anesthetic, propofol used as a
bolus induction agent, and propofol given in small amounts as
a rescue drug used to treat PONV in the PACU.

In the general anesthetic context, propofol is almost uni-
versally said to protect against PONV, and by a significant
amount. However, the preceding analysis of PONV risk with
volatile/N2O anesthesia shows that the difference between
volatile and propofol techniques is not very great. The second
context, propofol used as a bolus induction agent was shown by
meta-analysis to cause nearly no significant reduction in PONV.
Only in patients with a relatively high baseline risk of PONV
was there any discernable effect, and the NNT was 9.

Finally, propofol given in subhypnotic doses, 20 mg every
5 minutes as needed according to one study, appears to have a
good antiemetic effect, although the duration is uncertain.

Neostigmine
The effects of neostigmine on PONV are somewhat controver-
sial. One meta-analysis found that neostigmine at dosages over
2 mg was associated with an increased risk. However, a later
review found no association between neostigmine and PONV
at any dose.

Clinical summary for providing PONV
prophylaxis
A reasonable strategy for PONV prophylaxis is as follows:
1. Estimate the risk. Get a sense of whether the patient

appears to be at low or medium to high risk for PONV.The
presence of only one of the common risk factors establishes
a low sense of risk, unless there are additional
considerations, such as the likelihood that the patient will
receive a significant amount of postoperative opioids or is
undergoing a surgery associated with a high PONV rate.
The risk should then be considered at least moderate. Two
risk factors establish a moderate sense of risk, particularly

in the presence of a volatile-based general anesthetic or for
a surgical procedure that either is associated with PONV or
is of longer duration. More than two risk factors should by
themselves indicate a moderate to high risk.

2. Give prophylaxis according to the sense of risk. A low sense
may merit a wait-and-see approach (no drugs) or baseline
prophylaxis (two drugs). A moderate to high sense merits
full prophylaxis (three or four drugs).

3. Use dexamethasone as the foundation drug (unless it is
inappropriate for the patient). Dexamethasone works well
with others and has a relatively long duration. Transdermal
scopolamine is a cost-effective alternative; aprepitant is a
very costly one.

4. When using a serotonin antagonist, combine it with a
longer acting drug, generally give it near the end of surgery,
and consider giving it in the PACU. Once it is given, there
is no effect from a second dose. Finally, when PONV
rescue is needed in the PACU, ondansetron is an excellent
choice.
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Chapter

55 Cognitive changes after surgery and anesthesia
Joshua C. Vacanti, Gregory J. Crosby, and Deborah J. Culley

It has long been recognized that patients subjected to the stress
of surgery are at risk for the development of a host of neu-
rologic impairments postoperatively. These may result from
well-known metabolic or physiologic derangements that occur
intraoperatively. Conversely, patients who undergo seemingly
uneventful surgery routinely develop cognitive dysfunction that
cannot easily be attributed to any clear operative event. In the
acute phase, cognitive dysfunction presenting as transient con-
fusion is commonly referred to as postoperative delirium. It is
typified by an acute fluctuating course that may begin at emer-
gence from anesthesia, during recovery in the postanesthesia
care unit, or more typically after discharge to the floor. More
concerning is the fact that a small subset of patients appear to
suffer from long-term cognitive changes following surgery; this
constellation of changes in a patient’s cognitive function is gen-
erally referred to as postoperative cognitive dysfunction.

Although postoperative changes in cognition have not yet
been as thoroughly researched as other areas in anesthesia,
such as postoperative nausea and vomiting, the significance of
these pathologies in terms of physical, emotional, and mon-
etary cost may be enormous. The postoperative patient who
suffers from delirium also suffers from an increased risk of
self-injury, extended hospital stays, and a higher incidence of
placement in long-term care facilities, all of which increase the
cost of health care. These additional costs add to the financial
burden of theUShealth care systemby adding billions of dollars
in payments per year. The potential impact of long-term post-
operative cognitive dysfunction on society extends well beyond
the health care industry, and the societal contributions are likely
to be even more burdensome.

Postoperative delirium
Delirium is the most common form of cognitive impairment in
hospitalized patients. Although delirium may occur at any age,
it is especially common in hospitalized elders; 40% of elderly
medical patients and 10% to 40% of elderly surgical patients
become delirious during their hospital stay. In fact, delirium is
the most common perioperative morbidity in elders. Delirium
is an acute transient organic brain syndrome characterized by
disturbances of consciousness and cognition that develop over
a relatively short period (hours to days) and wax and wane over
the course of the day. The Diagnostic and Statistical Manual of

Mental Disorders (DSM-IV) criteria for delirium include a dis-
turbance of consciousness with altered awareness of the envi-
ronment, inability to sustain or shift attention, and a change
in cognition or development of perceptual disturbances that
are not better explained by preexisting, established, or evolv-
ing dementia. The Confusion Assessment Method (CAM) and
its variant for intubated, nonverbal patients in the intensive care
unit, the CAM-ICU, are widely used at the bedside to diagnose
delirium. They both have the benefits of ease, speed, reliability,
and validity (Table 55.1).

Delirium is generally divided into three types: hyperactive,
hypoactive, and mixed. Agitation, irritability, restlessness, and
aggression characterize the hyperactive form, whereas hypoac-
tive delirium is typified by somnolence and psychomotor

Table 55.1. Confusion Assessment Methoda

CAM diagnostic algorithm – the diagnosis of delirium requires the
presence of features 1 and 2 and the presence of feature 3 or 4
Feature 1: acute or fluctuating course
This feature is usually obtained from a family member or nurse and is
shown by positive responses to the following questions: Is there evidence
of an acute change in mental status from the patient’s baseline? Did the
(abnormal) behavior fluctuate during the day, i.e., did it tend to come and
go, or increase and decrease in severity?

Feature 2: inattention
This feature is shown by a positive response to the following question: Did
the patient have difficulty focusing attention, e.g., was he or she easily
distractible or did he or she have difficulty keeping track of what was being
said?

Feature 3: disorganized thinking
This feature is shown by a positive response to the following question: Was
the patient disorganized or incoherent, e.g., did he or she engage in
rambling or irrelevant conversation, an unclear or illogical flow of ideas, or
unpredictable switching from subject to subject?

Feature 4: altered level of consciousness
This feature is shown by any answer other than “alert” to the following
question: Overall, how would you rate this patient’s level of consciousness?
(Alert [normal], vigilant [hyperalert], lethargic [drowsy, easily aroused],
stuporous [difficult to arouse], comatose [unarousable].)

a The CAM diagnostic algorithm is a short test used by clinicians to differen-
tiate delirium from other cognitive impairments. Through correlation with
DSM-IV criteria for delirium, the CAM diagnostic algorithm has a reported
sensitivity of 94% to 100% and a specificity of 90% to 95%. From Inouye SK,
van Dyck CH, Alessi CA, et al. Clarifying confusion: The confusion assess-
ment method. A new method for detection of delirium. Ann Intern Med
1990; 113:041–8.
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Table 55.2. Risk factors for deliriuma

Nonmodifiable factors Modifiable factors

Age > 70 y Metabolic/physiologic derangements
Preexisting cognitive impairment Hypoxemia
History of delirium Hypercarbia
History of depression Hypoglycemia
Multiple comorbidities Hypoalbuminemiab

Poor functional status Perioperative anemiab

Genetic factors – apo E4 Electrolyte disturbances
Type of surgery Hypothermia

Major orthopedic Occult infection
Cardiac Occult cerebrovascular event
Thoracic Iatrogenic causesc

Vascular Pain
Emergency Acute systemic disturbances

Urinary retention, fecal impaction

a Patients with any of the nonmodifiable factors demonstrate an increased
risk for the development of delirium postoperatively and should be iden-
tified during the preoperative assessment. Patients who develop delirium
after surgery should be evaluated for any of the modifiable factors and
treated accordingly.

b Linked to the development of postoperative delirium, although perioper-
ative correction has not been demonstrated to improve the clinical course
of delirium.

c Anticholinergics (with the exception of glycopyrrolate), benzodiazepines,
and antidopaminergic agents are the most commonly implicated agents.

slowing. Because delirious patients who are hypoactive look
sedated and are not bothersome to hospital staff, the delirium
frequently goes undetected. A common misconception is that
delirium is transient and harmless. In fact, delirium may last
days to weeks. It is associated with a longer hospital stay (and
cost) and a greater chance of requiring discharge to a post-
acute care nursing facility; and patients with delirium have a
higher 1-year mortality than those who do not develop it in the
hospital.

Conditions contributing to delirium can be divided into
nonmodifiable and modifiable factors (Table 55.2).

Age greater than 70 years, preexisting cognitive impair-
ment, a history of delirium, depression, multiple comorbidi-
ties, poor functional status, and the apolipoprotein (apo)
E4 genotype are important predictors. The type of surgery
is also important, with major orthopedic, cardiac, thoracic,
vascular, and emergency surgery carrying the greatest risk.
Among the modifiable factors, metabolic and physiologic
derangements are common causes of confusion. Hypoxemia,
hypercarbia, and hypoglycemia are readily identifiable and
potentially life-threatening causes of postoperative delirium
and should be treated without delay. There is also evidence
that low serum albumin concentration or hematocrit values
are associated with development of postoperative confusion,
but it is not established that correction of these abnormali-
ties alters the clinical course of the delirium. The role of intra-
operative hypotension in development of delirium is unclear,
with some studies indicating elders maintained at a mean
arterial blood pressure of 45 to 55 mm Hg are no more
likely to develop postoperative delirium than those whose

mean arterial pressure is maintained between 55 and 70 mm
Hg. Electrolyte disturbances, mild hypothermia, subclinical
infection, and an occult neurologic event such as a stroke should
also be considered.

Anesthetic agents and drugs used in conjunction with sur-
gical anesthesia have been implicated in postoperative delir-
ium. Anticholinergic agents may be best avoided in elders. The
aged brain has a relative cholinergic deficiency, and these drugs,
with the exception of glycopyrrolate, which does not cross the
blood–brain barrier, increase the risk of postoperative delirium,
presumably by further reducing cholinergic neurotransmission.
In susceptible elderly patients, even small dosages of drugs
with anticholinergic effects may produce symptoms of confu-
sion, agitation, and disorientation. If these symptoms occur,
physostigmine, a centrally active acetylcholinesterase inhibitor,
may be useful in partially reversing the symptoms.

Benzodiazepines are also problematic.They have prolonged
effects in the elderly and sometimes produce paradoxic disinhi-
bition and agitation.

Antihistamines given for their antiemetic effects, such as
diphenhydramine, hydroxyzine, and promethazine, all have
significant central anticholinergic effects. Antagonism of
dopamine may exacerbate symptoms in patients at risk for
postoperative delirium.

What is curious and surprising is that the type of anesthesia
used does not seem to affect delirium risk. Specifically, there is
no benefit of spinal or epidural anesthesia in elders in terms of
the risk of developing delirium perioperatively and no indica-
tion that delirium is more likely with the use of nitrous oxide or
a particular volatile agent.

Pain is an important and underrecognized contributor to
delirium in the postoperative period. Elderly, cognitively intact
patients with inadequately treated postoperative pain are nine
times more likely to develop delirium than those whose pain
is controlled. The specifics of pain treatment are less important
than the quality of pain control. Indeed, in the postoperative
period, low but not high opioid use is a factor in the devel-
opment of delirium. This is relevant because studies show that
cognitively impaired patients receive only 30% to 50% as much
opioid as cognitively intact patients.This suggests that subopti-
mal pain management in demented and delirious patients may
contribute further to their cognitive deterioration. Meperidine
is an exception to this rule and should probably be avoided in
geriatric patients. It has been associated with the development
of postoperative delirium, presumably because of accumulation
of toxic metabolites or its anticholinergic activity.

The key to managing postoperative delirium is to avoid it
by identifying patients at greatest risk, correcting metabolic or
physiologic abnormalities that may contribute, and selecting
anesthetic adjuvants carefully and using them sparingly and
deliberately. There is also evidence that a preoperative geriatric
consultation and perioperative use of visual aids, environments,
and cognitive and physical activities designed specifically for
at-risk patients may reduce the incidence of delirium signifi-
cantly.Once deliriumoccurs, it is important to look aggressively
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for treatable causes (e.g., hypoxia, electrolyte disturbances, drug
effects, infection) and to correct them before embarking on
pharmacotherapy. Pharmacologic treatment of delirium is con-
troversial, and one should resort to it only after treating reme-
diablemedical conditions. Haloperidol remains themainstay of
pharmacologic treatment of agitated delirium but may produce
extrapyramidal side effects. Sedating a delirious patient with
lorazepam or another benzodiazepine is inadvisable because
these agents have themselves been implicated in development of
delirium andmay produce a paradoxic reaction of agitation and
disinhibition in elders. Thus, whenever pharmacologic treat-
ment of delirium is considered, it is wise to abide by the geri-
atrician’s adage: “start low, and go slow.”

Postoperative cognitive dysfunction
Postoperative cognitive dysfunction (POCD) is operationally
defined as a subtle and long-lasting impairment in cognitive
function after surgery and anesthesia. First describedmore than
50 years ago, it has only recently been accepted as a legitimate
and common perioperative morbidity, especially in the elderly.
POCD is present in 25% to 40% of elderly patients in the first
week after noncardiac, nonneurologic surgery and even in 10%
to 14% 3 months postoperatively. In contrast, only about 3%
of age-matched controls (not hospitalized, no surgery) decline
over the same interval. Postoperative cognitive impairment is
not unique to the elderly. The incidence is similar in young,
middle-aged, and aged patients during the first postoperative
week, but it persists only in elders. Besides advanced age, impor-
tant patient- or procedure-specific risk factors include low edu-
cational level, history of a previous stroke, the type of surgery
(lower incidence with minor ambulatory surgery), duration of
anesthesia, prolonged hospital stay, and postoperative infec-
tious and respiratory complications (Table 55.3). Genetic pre-
disposition may play a role, but the only study thus far looked
at apo E4, a susceptibility gene for Alzheimer’s disease, and no
association with POCD was found.

Unlike delirium, which is a clinical diagnosis, POCD is
defined by performance on various neuropsychological tests.
One problem this creates is that not all studies adhere to the

Table 55.3. Risk factors for POCDa

Age > 70 y
Low educational level
History of cognitive impairment
Type of surgery
Duration of anesthesia
Prolonged hospital course
Postoperative infection
Postoperative respiratory complications
? Genetic predispositionb

a Patients with any of these risk factors demonstrate an increased incidence
of POCD.

b Currently under investigation.

same test batteries and statistical criteria, leading to variabil-
ity in the reported incidence of POCD. In fact, standardization
of the definition of POCD and improvement in conventional
methods for identifying it are needed for the field to advance.
Another issue is that although patients with preexisting cogni-
tive impairment or dementia would seem more likely to be at
risk for POCD, these patients have been excluded from studies
to date – so the true incidence of POCDmay be higher.

The cognitive domains most often affected are memory
and/or executive function. Particularly in those with dysfunc-
tion in both of these domains, POCD is associated with limita-
tions in activities of daily living.Moreover, POCD at the time of
hospital discharge and 3 months later is associated with higher
1-year mortality. Thus, POCD occurs in at least one third of
patients in the first week after surgery, lasts 3 months or more
in some elderly persons, and is associated with functional lim-
itations and greater 1-year mortality. The encouraging news is
that patients seem to recover completely within 1 to 2 years or
less, but this optimism is based on follow-up of only a small
subgroup.

The key question is, what causes POCD? The answer is
that no one is certain. Surprisingly, intraoperative hypotension
(mean arterial pressure � 60% for ≥ 30 minutes) and hypox-
emia (oxygen saturation of hemoglobin ≤ 80 for � 2 minutes)
are not predictors of cognitive decline 3months postoperatively
in elders. Surgery and/or general anesthesia may, however, con-
tribute to POCD by more subtle and insidious means. Surgery
induces a robust peripheral inflammatory response, and there is
an associated inflammatory response in the cerebrospinal fluid
(CSF) and brain. Because inflammatory cytokines interferewith
neural events involved in memory and, in high concentra-
tions, produce neurotoxicity and neurodegeneration, surgery
may impair cognition and contribute to POCD via inflamma-
tion. General anesthesia also may be involved. Of course, the
most profound change in cognition in the perioperative period
occurs during general anesthesia, and evidence from animal
studies shows that general anesthesia without surgery caused
impaired spatial learning for days to weeks in aged rats. These
data imply either that the neurobiological machinery of mem-
ory is altered in an enduring way by anesthesia itself or that
damage occurs. There is some support for both concepts, with
reports that general anesthesia leads to persistent changes in
gene expression in the brain of old animals and that common
volatile anesthetics promote formation and/or reduce clear-
ance of amyloid �, a protein implicated in the pathogenesis of
Alzheimer’s disease, and change its physical properties to aug-
ment its neurotoxic qualities. The roles of inflammation and
anesthesia in POCD remain unclear, however, because inflam-
matory markers in the CSF return to normal within days of
surgery. Clinical studies find no difference between regional
and general anesthesia regarding the risk of prolonged POCD
and do not identify previous general anesthesia as a risk factor
for development of Alzheimer’s disease.This issue has garnered
considerable attention recently, but more work is necessary
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before the etiology, neurobiology, and clinical significance of
POCD are fully understood.

The uncertainty about the mechanisms of POCD makes it
difficult to recommend specific prevention or treatment strate-
gies. Other than recognizing that elders are often cognitively
fragile and treating them accordingly, there presently is no sci-
entific basis for recommending (or avoiding) a particular anes-
thetic agent or technique on the basis of concerns about POCD.
This may change quickly with ongoing research.

The aged brain is different from the young brain in many
respects, making elders more vulnerable to perioperative cog-
nitive complications such as delirium and persistent POCD.
These perioperative cognitive morbidities are a major challenge
for the anesthesiologist and perioperative physician because
they may lead to prolonged hospital stay and poor postsurgical
functioning, and appear to be associated with increased 1-year
mortality. The specific features of hospitalization, surgery, and
anesthesia that contribute to these cognitivemorbidities are not
well defined, making prevention and treatment difficult. With
the population aging, the challenge for the decades ahead is to
better understand the role of surgery and anesthesia in causa-
tion of these complications so that perioperative physicians can
tailor care for the elderly patient with the aged brain in mind.
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56 Anatomy of the vertebral column and spinal cord
Assia Valovska

Osseous anatomy
Thespinal column consists of both the vertebral column and the
spinal cord. It comprises 33 vertebrae (Table 56.1) and has char-
acteristic curves in the lumbar and thoracic regions, which give
it a “double S” shape (Fig. 56.1). A lordosis is an anteriorly con-
vex curve, seen in the cervical and lumbar region, and kypho-
sis is a posteriorly convex curve, seen in the thoracic and sacral
sections of the spinal column. The natural curves of the spinal
columnmay influence the spread of medications injected in the
subarachnoid space. The bony vertebral column fulfills several
functions (Table 56.2).

Vertebral arch and body
Each vertebra has an anterior part or body and a posterior part
or vertebral arch (Fig. 56.2).The vertebral arch has two pedicles
and two laminae, and together they enclose a foramen, the ver-
tebral foramen. All the vertebral foramina constitute the spinal
canal, which houses the spinal cord and nerve roots. Each ver-
tebral arch supports seven processes:

� One spinous process, a midline structure arising between
the two laminae, a place for attachment of muscles and
ligaments.

� Two transverse processes, laterally at the junction of the
laminae and the pedicles.

� Four articular processes – two superior, projecting upward,
and two inferior, projecting downward – that participate in
each zygapophyseal joint above and below. The pedicles of
two adjacent vertebrae form the intervertebral foramina on
each side, through which nerve roots exit the spinal
column.

Cervical vertebrae
The vertebral bodies of the cervical spine are the smallest and
have horizontal spinous processes, permitting an easy midline
approach for performing neuraxial blockade. Each transverse
process has a foramen. The first six foramina transversaria give
passage to the vertebral artery and vein and a plexus of sympa-
thetic nerves.

The atlas (the first cervical vertebra [C1]) lacks a body and
spinous process and consists of an anterior and posterior arch

Table 56.1. Vertebral groups according to region

Cervical 7 vertebrae in the neck (C1–7)
Thoracic 12 vertebrae in the upper back corresponding to each pair of

ribs (T1–12)
Lumbar 5 vertebrae in the lower back (L1–5)
Sacral 5 vertebrae fused together, forming the sacrum (S1–5)
Coccygeal 4 vertebrae fused together to form the coccyx

and two lateral masses containing the facets. The ring of the
atlas is divided by the transverse atlantal ligament into a small
anterior part receiving the odontoid process of the axis, and
a larger posterior part housing the spinal cord. Inflammatory
and arthritic changes in this ligament in patients with rheuma-
toid arthritis, diabetes mellitus, or trisomy 21 may lead to overt
or occult subluxation of the two vertebral bodies and present a
challenge at intubation.The axis (C2) has a distinct process, the
odontoid (or dens axis) that represents the fusion of the bod-
ies of the atlas and the axis. It rises perpendicularly toward the
atlas and forms the pivot on which the C1 rotates to enable head
rotation.The spinous process is short and bifid.The seventh ver-
tebra (C7) has a prominent spinous process.

Thoracic vertebrae
The thoracic vertebrae are intermediate in size and increase in
size from cephalad to caudad. All transverse processes, except
the 11th and 12th vertebrae, have facets for articulationwith the
tubercles of the ribs.The laminae are thick and overlap the sub-
jacent vertebrae like tiles on a roof. The facet joints are nearly
horizontal.The spinous processes are very long, are steeply infe-
riorly directed, and overlap from the fifth to the eighth verte-
brae. The paramedian approach to neuraxial anesthesia may be
preferred to avoid the slanted spinous process.

Table 56.2. Functions of the vertebral column

Protection Encloses the spinal cord and nerve roots
Base Attachment place for ligaments, tendons, muscles
Structural support Supports the head, shoulders, chest; connects the

upper and lower body
Mobility Ensures flexibility of the upper body by enabling

flexion, extension, rotation
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Figure 56.1. The vertebral column.

Lumbar vertebrae
The vertebrae in the lumbar region have longer and wider pedi-
cles and horizontal spinous processes. The vertebral bodies are
thick and almost square. The lowest lumbar vertebra, L5, artic-
ulates with the sacrum.

Sacral vertebrae
The sacrum comprises five bones fused together in a triangular
shape. The spinal canal extends into the sacrum, and the sacral
nerves exit the canal through bony foramina. The lamina of S5,
and partially that of S4, normally does not fuse and comprises
the sacral hiatus. The coccyx is made up of four or five verte-
brae fused together. All the segments lack pedicles, laminae, and
spinous processes.

Figure 56.2. A typical lumbar vertebra.

Intervertebral discs
The intervertebral discs are structures composed of three main
components: a strong avascular annulus fibrosus, that encloses
the soft nucleus pulposus, and a cartilaginous endplate (Fig.
56.3).Theouter layer is richly innervated bymultiple nerves and
is a source of some chronic back pain.

Joints
Each vertebra joins the ones above and below it with several dif-
ferent types of joints. The atlanto-occipital joint is a condyloid
joint between the atlas of the vertebral column and the occipital
bone of the skull. The atlantoaxial articulation is a pivot joint
between the atlas and the odontoid process of the axis.

Figure 56.3. Intervertebral disc in relation to vertebral body.

336



Chapter 56 – Anatomy of the Vertebral Column and Spinal Cord

Figure 56.4. Ligaments of the spinal column. (A) Lateral view. (B) Transverse view.

The uncovertebral joints (Luschka’s joints) articulate each
cervical vertebral body to the one immediately below it.
The costovertebral and costotransverse joints are articulations
between the ribs and the vertebral bodies or transverse pro-
cesses of the thoracic spine. The facet or zygapophyseal joints
are formed by the inferior and superior processes of adjacent
vertebral bodies.

Ligaments
The ligaments of the spine provide stability and protection from
injury while allowing flexion, extension, and rotation. They
are typically traversed during neuraxial anesthesia techniques.
There are five main ligamentous structures seen throughout the
spine (Fig. 56.4).

Figure 56.5. Spinal cord anatomy. (A) Coverings of the spinal cord. (B) Arterial supply of the spinal cord.
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The anterior longitudinal ligament extends throughout the
whole length of the spine and adheres to the anterior surface
of the vertebral body and annulus fibrosus. The posterior lon-
gitudinal ligament runs along the posterior surface of the ver-
tebral bodies and adheres to the annulus fibrosus but not to
the vertebra. The supraspinous ligament connects the tips, and
the interspinous ligament connects the bases of the spinous
processes.

The ligamentum flavum defines the dorsolateral margins of
the spinal canal from the base of the skull to the pelvis and clas-
sically is portrayed as a single ligament. In reality, there are two
ligamenta flava, that join in the middle, forming an acute angle
with a ventral opening. The distance from skin to ligamentum
flavum ranges from 3–8 cm in most patients. The thickness of
the ligament differs at different vertebral levels, ranging from
1.5 mm at the cervical level to 6.0 mm in the lumbar area. Pen-
etration of the ligamentum flavum with the tip of an epidural
needle is thought to be the cause of loss of resistance in identi-
fying the epidural space. However, investigations have demon-
strated that the ligament frequently exhibits incomplete fusion,
with gaps being more frequent at cervical and thoracic levels
and less frequent at lumbar levels.

Spinal cord anatomy
The spinal cord is located in the vertebral canal and extends
from the foramen magnum caudad to the first or second lum-
bar vertebra. The spinal cord gives rise to the eight cervical, 12
thoracic, five lumbar, and five sacral nerves and one coccygeal
spinal nerve. The spinal nerves comprise the sensory nerve
roots that enter the spinal cord at each level, and themotor roots
that emerge from the cord at each level. C1–7 nerves emerge
above their respective vertebrae. C8 emerges between the C7
and T1 vertebrae. The remaining nerves emerge below their
respective vertebrae.

The spinal cord terminates with the conus medullaris that
is attached to the coccyx by the filum terminale. This is sur-
rounded by the cauda equina (lumbar and sacral nerve roots).
The dural sac ends at the S2 level, whereas the spinal cord ends
at L1 in adults and L3 in children. Performing spinal anesthe-
sia below these levels is necessary to avoid needle trauma to the
cord.

The spinal cord is covered by three membranes known as
meninges (Fig. 56.5). The outermost layer is the dura mater, a
tough fibrous sheath closely applied to the inner layer of bone
surrounding the spinal canal. The epidural space is a poten-
tial space between the dura and the bone (see Chapter 58 for
details).

Beneath the dura mater is a thin and delicate membrane
called the arachnoid mater. Normally, the arachnoid mater is
closely applied to the dura, but between them exists a poten-
tial space, the subdural space, that is the result of separation
within the meninges. Beneath the arachnoid mater and inti-
mately applied to the spinal cord is the piamater. Cerebrospinal
fluid is contained between the arachnoid mater and the pia

Figure 56.6. Dermatomes of human body.

mater in the subarachnoid space. The pia mater continues cau-
dally as the filum terminale through the dural sac and attaches
to the coccyx.

Arterial supply and venous drainage
The spinal cord is supplied by a single anterior spinal artery
and two posterior spinal arteries. The anterior spinal artery
enters the anterior median fissure of the spinal cord and sup-
plies the anterior two-thirds of the cord. The posterior spinal
arteries supply the posterior one-third of the spinal cord. The
blood to the roots, as well as the cord, is segmentally supplied by
radicular arteries. Usually, a few large segmental radiculospinal
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Table 56.3. Important dermatome levels

C6–median nerve 1st digit (thumb) T6–7 Xyphoid process
C7–radial nerve 2nd and 3rd digits T10 Umbilical level
C8–ulnar nerve 4th and 5th digit T12 Pubic symphysis
T4 Nipple level L1 Inguinal ligament
T5 Inframammary fold L4 Knee level

arteries are noted, including the artery of Adamkiewicz (or
artery of the lumbar enlargement), that is larger than the oth-
ers. In 75% of cases, it originates between T9 and T12, almost
always on the left, and supplies the lower one-third of the cord.
Injury to this artery may result in anterior spinal artery syn-
drome. This is also referred to as Beck’s syndrome and consists
of weakness, urinary and fecal incontinence, and loss of temper-
ature and pain sensation below the level of injury with relative
sparing of position and vibratory sensation.

Veins draining the spinal cord have a distribution similar
to that of the arteries. The internal vertebral venous plexus
(Batson plexus) is in the epidural space and consists of four
interconnecting longitudinal vessels, two anterior and two pos-
terior. Increased intra-abdominal pressure or obstruction of
the inferior vena cava distends the epidural venous plexus.
The epidural veins engorge during pregnancy and with uterine
contraction and pushing efforts. Epidural veins connect to the

azygous vein, potentially delivering local anesthetic inadver-
tently injected intravascularly directly to the heart.

Dermatomes and myotomes
A dermatome is an area of skin associated with a pair of dorsal
roots from the spinal cord. Dermatomal maps (Fig. 56.6) por-
tray sensory distributions for each level and provide informa-
tion about the spread of a neuraxial block.The termmyotome is
used to describe themuscles served by a single spinal nerve. It is
the motor equivalent of a dermatome. Table 56.3 shows impor-
tant dermatome levels frequently used in assessing neuraxial
blocks.
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Spinal anesthesia is produced by injection of a local anesthetic
drug into the subarachnoid space creating a conduction block-
ade of the spinal nerves and resulting in a rapid, dense, and pre-
dictable state of anesthesia.

Indications
Spinal anesthesia is an ideal choice for surgeries below the level
of the umbilicus. Examples include low abdominal, inguinal,
genitourinary, gynecologic, rectal, and lower-extremity surg-
eries. Spinal anesthesia is not widely used for upper abdom-
inal procedures because of the need for a very high level
of block that may increase the risk of cardiovascular and
respiratory complications. A low spinal anesthetic or “sad-
dle block” can be used for perineal or perianal surgery
(Table 57.1).

Contraindications
Contraindications to spinal anesthesia are absolute and rela-
tive (Table 57.2). Patient refusal is the only absolute contraindi-
cation. Spinal anesthesia may be discussed with the reluctant
patient and the surgeon and the risks and benefits of the proce-
dure fully understood by the patient. However, patients should
not be coerced into accepting the technique.

Thepresence of active infection at the site of needle insertion
may predispose the patient to spread of the infection into the
epidural and subarachnoid spaces. Fever alone is not an abso-
lute contraindication, provided appropriate antibiotic therapy
is initiated before dural puncture and the patient has shown
a response to therapy. Spinal anesthesia, especially higher tho-
racic levels, will blockmultiple preganglionic sympathetic nerve
fibers, and if the patient is hypovolemic, thismay result in severe
hypotension; therefore, correction of preoperative hypovolemia
is advised.

The major concern regarding full anticoagulation is the
development of spinal bleeding leading to hematoma forma-
tion. In patients with severe cardiac disease (especially severe
stenotic defects) a high thoracic block may result in refrac-
tory hypotension and cardiac arrest because of an inability to
increase cardiac output. Neuraxial anesthesia may be consid-
ered as an option in these patients if a lower level of block-
ade is adequate for the surgery. There is little evidence that

Table 57.1. Level of spinal anesthesia required for common
surgical procedures

Spinal level required Surgical procedure

T4–5 (nipple) Upper abdominal surgery, cesarean
section

T6–8 (xiphoid) Lower abdominal surgery,
appendectomy, gynecologic surgery,
ureteral surgery

T10 (umbilicus) TURP, vaginal delivery
L1 (inguinal ligament) Thigh surgery, lower limb surgery
L2–3 (knee and below) Foot surgery
S2–5 (perineal) Perineal surgery, hemorrhoidectomy

TURP, transurethral resection of the prostate.

spinal anesthesia may worsen preexisting neurologic disease,
but some anesthesiologists avoid it because of medicolegal con-
siderations. Advantages and disadvantages of spinal anesthesia
are summarized in Table 57.3.

Physiologic responses to spinal anesthesia
Injection of local anesthetic into the subarachnoid space pro-
duces a multitude of physiologic responses that depend on the
patient’s preexisting medical conditions, height of the block,
and the medications and doses used (see Chapter 47).

Neural blockade
Small-diameter C-fibers (conducting pain impulses) are located
to a greater extent in spinal nerve roots and the periphery of

Table 57.2. Contraindications to spinal anesthesia

Absolute Relative Controversial

Patient refusal Bacteremia Chronic back pain
Preexisting neurologic
deficit

Stenotic valvular lesions

Severe headache
Back surgery with
instrumentation

Spinal column deformities
Anticoagulation or
coagulopathy

Complex or prolonged
surgery

Hemorrhagic diathesis
Elevated intracranial
pressure
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Table 57.3. Advantages and disadvantages of spinal anesthesia

Advantages Disadvantages

Cost-effectiveness Difficult needle placement
High patient satisfaction Inability to obtain CSF
Preserved protective reflexes Hypotension
Decreased risk of aspiration PDPH
Less bleeding Urinary retention
Rapid return of bowel function Infection
Decreased incidence of DVT
Less incidence of nausea

Possible conversion to general
anesthesia

Decreased postoperative pain Failed spinal
Lower incidence of cognitive

impairment

DVT, deep vein thrombosis; PDPH, postdural puncture headache.

the spinal cord; thus, they are more easily accessible to the local
anesthetic. This might explain why sensory anesthesia occurs
more rapidly thanmotor blockade (block fromfirst to last: sym-
pathetic � temperature � sensory � motor). Classically, the
level of sympathectomy is said to be about two levels above the
sensory loss level, but more recent data suggest the degree of
sympathetic blockade may be at, below, or above the level of
sensory loss.

Cardiovascular response
Sympathetic outflow from the spinal cord originates from
T1 to L2, whereas the parasympathetic outflow is primarily
craniosacral. Sympathetic fibers from T1–4 (cardioaccelerator
fibers) increase the cardiac rate. Blocking these fibers causes
cardiac sympathetic denervation and a decrease in heart rate,
as well as a decrease in cardiac contractility and cardiac output.
Systemic effects of spinal anesthesia include dilatation of arter-
ies and venous capacitance vessels, leading to decreased sys-
temic vascular resistance; decreased venous return; decreased
cardiac output; and ultimately, hypotension. Spinal blockade
at lower levels produces less hemodynamic change and is bet-
ter tolerated by hypovolemic patients, elderly patients, or those
with cardiac disease.

Respiratory response
In healthy patients, spinal anesthesia has no major effects on
ventilation, even with a high spinal block.This is because spinal
anesthesia does not alter the ventilatory response to carbon
dioxide. In addition, phrenic nerve function is usually pre-
served. Spinal anesthesia may cause paralysis of intercostal and
abdominal muscles that may affect patients with preexisting
pulmonary disease and decrease their ability to cough. A high
spinal level may not be a good choice for patients with severe
pulmonary disease.

Gastrointestinal response
Spinal anesthesia may cause nausea and vomiting in a
significant number of patients because of unopposed

parasympathetic visceral activity. Consequently, parasympa-
tholytics (e.g., atropine, glycopyrrolate) and sympathomimetics
(e.g., ephedrine, phenylephrine) may be helpful in treating
these symptoms. In addition, spinal anesthesia may cause a
decrease in hepatic blood flow proportional to the decrease in
mean arterial blood pressure.

Renal response
Spinal anesthesia tends to decrease renal blood flow as a result
of arterial hypotension. However, the kidneys autoregulate to
maintain renal blood flow.

Neuroendocrine response
The body’s response to surgical trauma includes localized pro-
duction of inflammatory mediators and activation of somatic
and visceral afferent nerve fibers. These responses lead to an
increase in the activity of adrenocorticotropic hormone, corti-
sol, epinephrine, norepinephrine, vasopressin, and the renin–
angiotensin–aldosterone system. Spinal anesthesia suppresses
part of this neuroendocrine response to a greater degree than
general anesthesia.

Thermoregulation
Spinal anesthesia inhibits normal thermoregulation. There is
loss of heat due to peripheral vasodilation as a result of sym-
pathectomy.

Spinal anesthetic agents
The most common local anesthetics used for spinal anesthesia
are lidocaine, tetracaine, and bupivacaine (Table 57.4). Mepiva-
caine and ropivacaine, thoughmore commonly used in periph-
eral nerve blocks or epidural anesthesia, may be used for spinal
anesthesia, although this is not a labeled use in the United
States. Since procaine is associated with a slow onset and short
duration of spinal anesthesia, it is rarely used. Chloroprocaine
is not approved for spinal anesthesia and formerly was felt to
be neurotoxic, although it has been used successfully in some
studies.

The usual doses, onset time, and duration of action of var-
ious local anesthetics are shown in Table 57.4. Lidocaine once
was the most popular local anesthetic for spinal anesthesia, but
its use has declined significantly because of its association with
transient neurologic symptoms. Bupivacaine and tetracaine are
popular choices for longer surgery.While epinephrine hasmin-
imal effects on the duration of bupivacaine, epinephrine or
phenylephrine significantly prolong the duration of tetracaine
anesthesia.

Preparation for spinal anesthesia
Informed consent is an absolutely necessary part of patient
preparation. It involves discussing the risks and benefits of
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Table 57.4. Drugs used for spinal anesthesia

Duration
Duration (drug+ epinephrine,

Drug and concentration Dose,mg Onset,min (plain druga), h 0.2 mgb), h

Procaine (5%) 100–150 3–5 <1 <1.5
Lidocaine (1.5% with dextrose 7.5%, 2% plainc) 50–100 3–5 1–2 1.5–2.5
Bupivacaine (0.75% with dextrose 8.25%, 0.5% plainc) 8–15 5–10 1.5–3 2–4
Tetracaine (0.5%) 6–16 5–10 1.5–3.5 3–5

a Times are approximate; dextrose-containing solutions spread overmore dermatomes and thus a given dosewill provide shorter duration
of anesthesia than plain solutions.

b Motor block is extended more than sensory block, particularly for dextrose-containing solutions.
c Plain lidocaine and bupivacaine solutions are not approved in the United States for spinal anesthesia.

the procedure as well as alternative techniques to spinal
anesthesia.

Physical examination
Routine physical examination, including airway examination,
is performed prior to administering spinal anesthesia. Patients
should be questioned about a history of bleeding problems.The
lumbar spine should be examined, and rash, infection, prior
lumbar surgery, or severe spine deformities should be docu-
mented if present. In addition, any history of a neurologic con-
dition or existing neurologic deficit should be documented.

Laboratory tests
Specific tests that should be considered prior to administering
spinal anesthesia are usually determined by the patient’s his-
tory and physical examination. If the patient reports a history
of coagulopathy or easy bleeding and bruising, then prothrom-
bin time (PT), partial thromboplastin time (PTT), and platelet
count may be useful.

Premedication
Midazolam, 1 to 2 mg intravenously IV immediately, or
diazepam, 5 to 10mg orally 1 hour prior to administering spinal
anesthesia, may be used to allay the patient’s anxiety. An opioid
may be used to help relieve pain during patient positioning.

Intravenous preloading
Patients receiving spinal anesthesia must have an IV cannula
placed. Anesthesiologists commonly infuse 500 to 1000 mL of
crystalloid fluid immediately before the spinal anesthetic, to
mitigate the effects of sympathectomy.

Monitoring
Blood pressure may fall precipitously following induction of
spinal anesthesia. Therefore, spinal anesthesia must be admin-
istered in an environment in which the ASA monitoring stan-
dards are achieved (see Chapter 24). Warning signs of falling
bloodpressure include pallor, sweating, nausea, and feeling gen-
erally unwell.

Equipment
Spinal needles generally fall into two categories: those that cut
the dura and those designed to spread the dural fibers (Fig.
57.1).

TheWhitacre and Sprotte needles have a rounded or pencil-
point tip, no cutting edges, and a side hole proximal to the tip.
TheQuincke–Babcock needle is the “traditional” needle design.
It is a cutting–type needle with sharp edges, medium bevel
length, sharp point, and an end hole located on the cut bevel.

Needle size and tip design have been shown to correlate
with the incidence of postdural puncture headache (PDPH).
Smaller-gauge needles (25–27 G) have a lower incidence of
PDPH than larger-gauge needles (22 G). Pencil-point needles
(e.g., Whitacre, Sprotte) have a lower incidence of PDPH com-
pared with cutting-type needles (e.g., Quincke) of similar or
even smaller diameter.

Techniques
Landmarks
The iliac crests are palpated, and if a line is drawn at this level
perpendicular to the spinal column it will generally intersect
the L4–5 interspace or the L4 body. However, imaging studies

Figure 57.1. Common tip designs for spinal needles: Quincke, Whitacre,
and Sprotte needles.
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Figure 57.2. Neuraxial anesthesia in the sitting position. The patient sits on
the edge of the bed and is supported by an assistant or a specially designed
stand. Note the direction of the needle, shown on the right.

indicate poor correlation between anesthesiologists’ landmark-
predicted interspace and the anatomically verified interspace.
The injection site is then prepared with a skin antiseptic and
draped. If accidentally introduced into the spinal space, antisep-
tic solutions may cause chemical meningitis. The skin is anes-
thetized at the level chosen using 1% lidocaine, and the spinal
needle is then inserted directly (Quincke needle), or through a
larger introducer needle (Whitacre or Sprotte needle).

Positioning
Spinal anesthesia can be administered in the sitting (Fig. 57.2),
lateral decubitus (Fig. 57.3), or prone positions. The lateral
decubitus and sitting positions are most commonly used. Oxy-
gen by face mask or nasal cannula may be administered, espe-
cially if a sedative has been given.

Figure 57.3. Neuraxial anesthesia in the lateral decubitus position. The
patient lies on his or her side with the back slightly rounded and the knees
flexed toward the abdomen. An assistant holds the patient at the neck and
behind the knees. Note the direction of the needle, shown on the right.

Sitting position
The sitting position is a popular position for spinal anesthesia,
and is also chosen when low lumbar or sacral levels of anes-
thesia are needed. This position allows easier identification of
lumbar structures, especially in obese patients or patients with
scoliosis. The patient is positioned at the edge of the bed with
the legs hanging or supported by a foot rest. He or she is asked
to bend forward and arch the lower back posteriorly (reversing
the lumbar lordosis); assuming this position allows “opening”
of the interspaces and easier access to the subarachnoid space.
An assistant or a specially designed support device then sup-
ports the patient. Once the spinal injection is performed, the
patient is positioned for surgery. If a hyperbaric solution is used,
spread of the local anesthetic solution can be facilitated by tilt-
ing the operating table to the side as needed, or to a Trendelen-
burg (head-down) position to increase cephalad spread of the
local anesthetic.

Lateral decubitus position
The lateral decubitus position allows administration of more
sedation and is less dependent than the sitting position on a
well-trained assistant. The patient is placed close to the edge
of the table in a comfortable position with a pillow underneath
the head and sometimes between the knees.The hips and knees
are flexed and knees drawn up to the chest. The neck is flexed
toward the knees to provide maximum anterior flexion of the
spinal column. The hips and shoulders should be perpendicu-
lar to the surface of the table. If a hyperbaric solution is used, the
surgical site is often placed dependently if the planned surgery
is unilateral. If the surgical site is placed nondependently, then
a hypobaric or isobaric anesthetic solution may be used.

Prone position
The prone position (Fig. 57.4) is usually reserved for patients
undergoing rectal, perineal, or lumbar surgery. The patient is
placed in the desired position, often with jackknife modifi-
cation, and this position is maintained during surgery. Most
often, the operative site is caudad to the level of injection; there-
fore, the prone position is well suited to the use of hypobaric
anesthetic solutions. An isobaric solution will also provide sat-
isfactory sacral anesthesia.

Approach
Lumbar puncture can be performed using either a midline or a
paramedian approach.

Figure 57.4. Patient position for neuraxial anesthesia in the prone position.
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Figure 57.5. Spinal anesthesia via the midline and paramedian approaches. (A) Transverse view. (B) Posterior view.

Midline approach
In the midline approach, the spinal needle is inserted and
advanced between the upper and lower spinal processes in the
midline, taking into account the minimal cephalad angulation
of the spinal processes in the lumbar area (Fig. 57.5). If the
needle is angled and advanced correctly, it will pierce through
the supraspinous and interspinous ligaments, and then the lig-
amentum flavum. After entering the epidural space, it pierces
the dura to reach the subarachnoid space. At any time, bone
may be encountered, and this should be used as an indication as
to where in the interspace the needle could be. Superficial con-
tact with bone usually indicates spinal process, whereas deeper
contact implies contact with the lamina. When the ligamentum
flavum is encountered, there is an increase in needle resistance,
followed by decreased resistance (“pop”) when the subarach-
noid space is entered. The stylet is then removed. Correct
position in the subarachnoid space is confirmed by spinal fluid
flowing through the needle hub.

Paramedian approach
In some patients with difficult anatomy, such as kyphoscoliosis
or severe arthritis, the paramedian approach (Fig. 57.5) may be
the technique of choice. In the presence of severe scoliosis, the
approach should be from the concave rather than the convex
side of the curvature. With this technique, the needle insertion
point is approximately 1–1.5 cm lateral and 1–1.5 cm caudal to
the inferior edge of the superior spinal process of the chosen
interspace. A longer needle may be needed for this approach.
The needle is advanced with an angle of 10◦ to 15◦ off the sagit-
tal plane and 45◦ cephalad. If the lamina is contacted, the nee-
dle is redirected and “walked off” the lamina in a slight medial

and cephalad direction. With this approach, the interspinous
ligament has been bypassed and the needle encounters the lig-
amentum flavum before entering the spinal space.

Taylor approach
The lumbosacral approach is useful in patients who have had
lumbar spine fusions. The point of needle insertion is about
1 cm caudal and 1 cm medial from the posterior superior
iliac spine. In this technique, a 5-inch spinal needle is directed
upward, medially, and anteriorly at an angle that approximates
the angle of the dorsal aspect of the sacrum. The needle is then
advanced so that its point enters the lumbosacral space between
the sacrum and the last lumbar vertebra at the L5–S1 interspace.

Factors affecting spinal block
In the past, numerous factors were thought to affect the spread
of spinal local anesthetic, including the patient’s body habitus,
technique of injection, characteristics of the spinal fluid, and
the anesthetic solution. In clinical practice, only baricity, patient
posture, and perhaps total dose of anesthetic have any impor-
tant effects.

The baricity of a local anesthetic solution refers to the den-
sity of the solution compared with the density of human CSF.
Hyperbaric solutions contain glucose and have a specific grav-
ity greater than 1.008 and therefore tend to migrate toward
dependant areas. Hypobaric anesthetic solutions have a spe-
cific gravity less than 1.003 and are prepared by mixing local
anesthetic with preservative-free water. Hypobaric anesthetic
solutions tend to move opposite the dependant areas. Isobaric
anesthetic solutions (specific gravity same or close to CSF) will
stay near the site of injection, with minimal spread.
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Despite a long tradition of calculating spinal anesthetic dose
based on desired level of anesthesia and patient height, there
is little direct evidence for the influence of either parame-
ter, except at the extremes. Most adult patients will achieve a
midthoracic level with any reasonable dose of hyperbaric solu-
tion (unless the patient remains in the sitting position while the
block “sets”), and an upper lumbar or low thoracic level with an
isobaric solution.The curves of the spine in the supine position
make the midthoracic spine the most dependent point, thus
solutions denser than CSF (hyperbaric) will reach these levels.
The position of this curve is independent of height, so the latter
rarely is a clinically significant determinant of anesthetic level.
At extremes of height, the level may vary modestly, although
this may be the result of altered spinal curves rather than height
per se. Controlling the position of the most dependent point in
the spine by patient positioning or tilting the bed can influence
this distribution.

It may seem logical that a greater dose or volume of solu-
tion would block more spinal segments, but there is little evi-
dence that this is true.The effect of baricity so overwhelms other
effects, including dose, that the small effect that may be caused
by the drug dose is clinically meaningless. Isobaric injections
may show some modest dose or volume dependency, and any
block will be more intense and last longer when a larger dose is
used.

Adverse effects of spinal anesthesia
Cardiovascular effects
Themost common cardiovascular effects after spinal anesthesia
are hypotension and bradycardia. Cardiac arrest (asystole) is a
rare but more serious complication.

Hypotension, the most common complication of spinal
anesthesia, is the result of venous and arterial vasodilation
from sympathectomy, resulting in reduced venous return, car-
diac output, and systemic vascular resistance. The incidence of
hypotension following spinal anesthesia is estimated to be about
10%–40%.Hypotension, if severe, should be treatedwith appro-
priate administration of IV fluids and careful administration
of vasoactive drugs, such as ephedrine (5–10 mg IV bolus) or
phenylephrine (40–80 �g IV bolus).

Bradycardia is caused by widespread sympathetic blockade,
leading to unopposed vagal tone. Risk factors for bradycar-
dia during spinal anesthesia include a baseline heart rate less
than 60 bpm, age younger than 50 years, American Society
of Anesthesiologists status I, use of �-blockers, a high spinal
level, and a prolonged PR interval. Bradycardia during spinal
anesthesia may be associated with hypotension and hypoxemia,
but also may occur independently. It may be related to sur-
gical manipulations, peritoneal traction and decreased venous
return, or reflex bradycardia (Bezold-Jarisch reflex). In cases of
severe bradycardia that compromise myocardial oxygen sup-
ply, further deterioration may follow. Consequently, severe or
symptomatic bradycardia should be treated aggressively with

glycopyrrolate, atropine, or ephedrine. Epinephrine should be
used if other agents are not effective.

Neurologic effects
The incidence of serious neurologic complications is reported
to be 0.5 per 10,000 spinal anesthetics. The most common neu-
rologic complications are described in the following text.

Aseptic meningitis is usually benign and presents within 24
hours of spinal anesthesia. Clinically, nuchal rigidity and photo-
phobiamaybe present, accompanied by a fever. CSF cultures are
negative for bacteria but may show abundant polymorphonu-
clear leukocytes. Infectious meningitis should always be in the
list of differential diagnoses and needs to be ruled out, espe-
cially if fever is present. Aseptic meningitis requires only symp-
tomatic treatment and usually resolves within a few days.

Postdural puncture headache (PDPH) is thought to be
caused by persistent CSF leak through the dural puncture site.
Age (young �older), gender (female �male), the size and type
of the needle, orientation of the bevel (parallel �perpendicular
to the long axis of the body for cutting needles), and pregnancy
all are risk factors for developing PDPH.Management of PDPH
is discussed in Chapter 58.

Transient neurologic symptoms (TNS) were first described
in 1993 and originally termed transient radicular irritation. It
presents with pain in the lower back, limbs, buttocks, thighs,
or calves after uncomplicated spinal anesthesia. The pain may
last for 5 to 10 days. There are no associated motor or sen-
sory deficits with TNS. Somatosensory evoked potential, elec-
tromyography, and nerve conduction studies do not show any
abnormalities. TNS is more common after the lithotomy posi-
tion, in obese patients, and in outpatient operations. Although
TNS may develop after injection of any local anesthetic, the
highest incidence has been found after administration of lido-
caine. There is no association of TNS with gender, age, needle
type, difficulty with block placement, or paresthesia during nee-
dle placement. The first line of therapy is patient reassurance
and analgesics such as COX inhibitors if the pain is severe.

Nerve damage is a rare complication of spinal anesthesia,
with an incidence of fewer thanone in 10,000 cases. Spinal nerve
roots may be damaged directly from the needle contact, and
this is usually preceded by paresthesias or pain during place-
ment. Under no circumstances should the needle be advanced
or injection continued if the patient complains of pain or pares-
thesia.

Meningitis may rarely follow spinal anesthesia, particularly
if there is a breach of sterile technique or if the patient has severe
untreated bacteremia. The incidence is estimated to be approx-
imately one in 50,000. Oral commensal organisms have been
isolated in some cases, implying the source may be the anes-
thesiologist’s mouth. Careful attention to sterile precautions,
including universal use of a mask and sterile gloves, pretreat-
ment of patients with suspected bacteremia with appropriate
antibiotics, and vigilance for signs of meningitis followed by
aggressive treatment, can help minimize morbidity.
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Table 57.A1. Anticoagulation Guidelines of ASRA

Drug Class Drug(s) Recommendations

Thrombolytics Urokinase, streptokinase, alteplase, releptase Timing of neuraxial blockade at least 10 d after or 10 d before thrombolytic therapy
Avoid neuraxial blocks, except for highly unusual situations
If thrombolytics are given at or near the time of neuraxial block, continue
neurologic monitoring for an appropriate interval

If thrombolytics are administered while neuraxial catheter is in place, minimize
sensory and motor block to allow for monitoring of neurologic function

No recommendation for removal of neuraxial catheters can be made; consider
measuring fibrinogen levels, and monitor neurologic function

Unfractionated
Heparin

Subcutaneous heparin No contraindication for neuraxial techniques
Time of insertion of needle or removal of catheter: 4 h after last dose, 24 h before
next dose

Consider platelet count check in patients receiving subcutaneous heparin for >4 d

Intraoperative anticoagulation with IV heparin for
vascular surgery

Avoid neuraxial technique in patients with other coagulopathies
Delay heparin dose for 1 h after needle placement
Remove catheter after evaluation of coagulation status, 1 h before any subsequent
dose and 2–4 h after last dose

Consider postoperative neurologic monitoring every 2 h and use of weak local
anesthetic concentrations

Prolonged therapeutic heparinization Neuraxial technique should be avoided
If systemic anticoagulation is begun with catheter in place, delay catheter removal
for 2–4 h after discontinuation of heparin.

Evaluate coagulation status prior to removal of catheter.

LowMolecular
Weight
Heparin
(LMWH)

High-dose LMWH (therapeutic dosing)
Enoxaparin, 1 mg/kg every 12 h or 1.5 mg/kg/d;
Dalteparin, 120 U/kg every 12 h;
Tinzaparin, 175 U/kg/d

Start first dose > 24 h after neuraxial block, > 2 h after catheter removal
Remove catheter before initiating therapy

Low-dose LMWH (prophylactic dosing) Twice-daily dosing:
Avoid neuraxial technique if LMWH is given within 2 h prior to planned block
First dose > 24 h after neuraxial block
Remove indwelling catheters > 2 h before first dose

Once-daily dosing (European dosing):
First dose 68 h postoperatively
Second dose no sooner than 24 h after first dose
Catheter removal > 10–12 h after last LMWH dose; subsequent LMWH at least 2 h
after removal

Oral anticoagu-
lants

Warfarin Discontinue chronic oral anticoagulation 4–5 d prior to neuraxial block
Measure PT/INR prior to performing neuraxial block: only normal PT/INR reflects
adequate levels of factors II, VII, IX, X

Check PT/INR prior to performing neuraxial block if initial dose was given > 24 h
earlier or if second dose of warfarin was given

Monitor PT/INR daily for patients on low-dose warfarin (5 mg) receiving epidural
analgesia. PT/INR should be < 1.5 before removing catheter.

Neurologic testing of sensory and motor function should continue until at least
24 h after catheter removal

Withhold or reduce warfarin dose if INR > 3
Consider reducing warfarin dose for patients likely to have enhanced response to
the drug

Antiplatelet agents NSAIDS alone do not interfere with performance of neuraxial blocks. COX-2
inhibitors should be considered in patients on anticoagulation who require
anti-inflammatory therapy.

Discontinue ticlopidine 14 d prior to neuraxial block
Discontinue clopidogrel 7 d prior to neuraxial block

GP IIb/IIIa
receptor
inhibitors

Avoid neuraxial blockade until platelet function has recovered:
Abciximab: 24–48 h
Eptifibatide, tirofiban : 48 h
If GP IIb/IIIa receptor inhibitors are administered in the postoperative period,
monitor the patient carefully

Herbal therapy Herbal medications alone do not interfere with performance of neuraxial blocks

Fondaparinux The actual risk of spinal/epidural hematoma with fondaparinux is unknown. If
neuraxial block is planned, seek alternative method of prophylaxis.

COX, cyclooxygenase; GP, glycoprotein; LMWH, lowmolecular weight heparin; PT/INR, prothrombin time/international normalized ratio. Adapted from Horlocker
TT, et al., Reg Anesth Pain Medicine 2010; 35:64–101.
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Spinal hematoma is a potentially devastating complication
that if left untreated, may result in a partial or permanent neu-
rologic deficit. The most common site is the epidural space,
however subdural and subarachnoid hematomas are also docu-
mented. The actual incidence of spinal hematoma is unknown,
however based on the incidence cited in the literature, it is esti-
mated to be 1 in 220,000 for spinal anesthesia and 1 in 150,000
for epidural anesthesia. Knownor suspected risk factors include
therapeutic anticoagulation or coagulopathy,multiple attempts,
and traumatic needle placement. (See the Appendix at the
end of this chapter.) The clinical presentation of the spinal
hematoma may vary from persistent back pain with or without
distinctive motor or sensory deficits to frank paraplegia. Close
postoperative neurologic monitoring for signs consistent with
hematoma formation is essential for early diagnosis and treat-
ment. An unresolving spinal block in the recovery room should
be appropriately investigated. If there is suspicion of a spinal
hematoma, anMRI is the gold standard for confirming the diag-
nosis. Early surgical decompression and evacuation usually are
indicated within 6 to 8 hours. If surgery is postponed, recovery
is unlikely after 8 to 12 hours.

High spinal or total spinal anesthesia is a serious anesthetic
complication caused by depression of cervical spinal cord and
brainstem function due to high cephalad spread of local anes-
thetic. It has a variable presentation and may present with tin-
gling of the fingers, indicating spread of local anesthetic to the
C7–T1 level. The patient may complain of nausea, followed by
hypotension, bradycardia, difficulty breathing, and respiratory
depression. If the anesthetic spreads to C3–5, apnea may occur
as a result of blockade of the phrenic nerve (diaphragm). Treat-
ment is supportive, involving IV fluids and pressors tomaintain
the blood pressure and heart rate, and adequate oxygena-
tion (face mask or tracheal intubation) for respiratory
support.

Respiratory effects
Dyspnea is described as an unpleasant sensation of difficulty
breathing. This complication has been seen frequently after
spinal anesthesia. It results from loss of intercostal muscle pro-
prioception and the inability of patients to sense chest wall
movements. Motor blockade of the abdominal and intercostal
muscles may have a negative impact on coughing. Patents
with preexisting pulmonary problems such as chronic obstruc-
tive pulmonary disease are more severely affected. Reassurance
and confirmation of adequate ventilation are essential. Apnea
may result from a high spinal and direct blockade of C3–5
(phrenic nerve) or severe hypotension. Hypotension may lead
to impaired medullary blood flow and hypoxemia of the venti-
latory center and may be perceived as chest heaviness.

Other effects
Backache may occur in up to 40% of patients after a lumbar
puncture and may last for 1 to 2 weeks.The pain may be related
to periosteal trauma frommultiple attempts or stretching of the

muscles or ligaments associatedwithmuscle relaxation, TNS, or
a spinal hematoma. It is important to remember that the back-
achemay not be related to the spinal injection. Usually, the pain
is not severe or debilitating. Application of heat, rest, and mas-
sage therapy are usually sufficient.

Urinary retention is common after spinal anesthesia and
is caused by blockade of the sacral nerve roots S2–4. The loss
of bladder tone may lead to bladder distention. Considering
that sacral autonomic fibers are among the last to recover fol-
lowing a spinal anesthetic, bladder distention may be signif-
icant, and catheterization may be needed. If a longer spinal
anesthetic is planned, it might be prudent to insert a bladder
catheter to avoid problemswith bladder distention. Bladder dis-
tention, if not recognized postoperatively, may be associated
with hemodynamic changes such as hypertension and tachy-
cardia or bradycardia. Blockade of higher sympathetic efferent
fibers (T5–L1)may result in an increase in sphincter tone, again
producing urinary retention.

Nausea and vomiting may occur after a spinal anesthetic as
a result of hypotension, administration of opioid in the spinal
solution or IV, sympathectomy itself (leading to unopposed
vagal tone), or surgical stress. Hypotension should be treated,
and antiemetics such as ondansetron may be administered.

Appendix: anticoagulation guidelines of the
American Society of Regional Anesthesia
Although preoperative screening is not indicated for healthy
patients undergoing neuraxial anesthesia, coagulation studies
and platelet count should be checked if the clinical history sug-
gests the possibility of a bleeding diathesis.The decision to per-
form neuraxial anesthesia in the anticoagulated patient should
be made after weighing the risks of bleeding and development
of spinal hematoma or other complications versus the benefits
of the procedure. Guidelines for specific anticoagulant medica-
tions are given in Table 57.A1.

Suggested readings
Auroy Y, Narchi P, Messiah A, et al. Serious complications related to

regional anesthesia: results of a prospective survey in France.
Anesthesiology 1997; 87:479–486.

Carp H, Bailey S. The association between meningitis and dural
puncture in bacteremic rats. Anesthesiology 1992; 76:
739.

Carpenter RL, Caplan RA, Brown DL, et al. Incidence and risk factors
for site effects of spinal anesthesia. Anesthesiology 1992; 76:
906.

Freund FG, Bonica JJ, Ward RJ, et al. Ventilatory reserve and level of
motor block during high spinal and epidural anesthesia.
Anesthesiology 1967; 28:834.

Horlocker TT, et al. Regional anesthesia in the patient receiving
antithrombotic or thrombolytic therapy: American Society of
Regional Anesthesia and Pain Medicine evidence-based guidelines
(third edition). Reg Anesth Pain Medicine 2010; 35:64–101.

Horlocker TT, Wedel DJ, Benzon H, et al. Regional anesthesia in the
anticoagulated patient: defining the risks (the second ASRA

347



Part 10 – Regional Anesthesia

Consensus Conference on Neuraxial Anesthesia and
Anticoagulation). Reg Anesth Pain Med 2003; 28(3):172–197.

Mackey DC. Physiological effects of regional block. In: Brown DL, ed.
Regional Anesthesia and Analgesia. Philadelphia: WB Saunders;
1996:397–422.

Mulroy MF. Spinal headaches: management and avoidance. In:
Brown DL, ed. Problems in Anesthesia: Regional Anesthesia at the
Virginia Mason Medical Center: A Critical Perspective. vol. 1, no 4.
Philadelphia: Lippincott; 1987.

Pollock JE. Transient neurologic symptoms: etiology, risk factors,
and management. Reg Anesth Pain Med 2002; 27(6):581–586.

Ravin MB. Comparison of spinal and general anesthesia for low
abdominal surgery in patients with chronic obstructive
pulmonary disease. Anesthesiology 1971; 35:319.

Schnider M, Ettlin T, Kaufmann M, et al. Transient neurologic
toxicity after hyperbaric subarachnoid anesthesia with 5%
lidocaine. Anesth Analg 1993; 76:1154–1157.

Tryba M. Epidural regional anesthesia and low molecular weight
heparin: pro [in German]. Anesthesiol Intensivmed Notfallmed
Schmertzthe 1993; 28:179.

Vandam LD, Dripps RD. Long-term follow-up of patients who
received 10,098 spinal anesthetics: III. Syndrome of decreased
intracranial pressure (headache and ocular and auditory
difficulties). JAMA 1956; 161:586.

Vandermeulen EP, Van Aken H, Vermylen J. Anticoagulants and
spinal-epidural anesthesia. Anesth and Analg 1994; 79:1165.

Wedel DJ, Horlocker TT. Regional anesthesia in the infected patient.
Reg Anesth Pain Med 2006; 31:324–333.

348



Chapter

58 Epidural anesthesia
Richard S. Field and B. Scott Segal

Introduction
Neuraxial anesthesia is the term used to describe both intrathe-
cal (spinal) and epidural nerve blocks. Drugs delivered into the
epidural space do not behave as drugs in the intrathecal space.
Understanding the differences allows the anesthesiologist to
choose which space to deliver a drug based on the benefits of
each (Table 58.1).The epidural space is locatedwithin the spinal
canal but lies outside the dural sac. Anesthetics delivered into
this space may provide regional surgical anesthesia, prolonged
postoperative analgesia, or treat chronic pain syndromes. Suc-
cessful epidural anesthesia depends on proper patient selection,
knowledge of the surgery, its location and duration, excellent
three-dimensional appreciation of the neuraxial anatomy, and
appropriate choice of anesthetic agent. This chapter focuses on
these factors and also describes the complications associated
with epidural anesthesia.

Anatomy
Appreciation of the bony spinal anatomy, the ligaments con-
necting these bones, and the contents and borders of the
epidural space itself is important for the safe and expeditious
performance of epidural blocks. For a detailed description
of the spinal bony and ligamentous anatomy, please refer to
Chapter 56.

Anatomy of the epidural space
The anatomy of the epidural space is as follows:
� Space inside the vertebral foramen but outside the dural sac
� Enclosed cranially by the foramina magnum and caudally

by the sacrococcygeal ligament
� Discontinuous space divided into anterior, posterior, and

lateral compartments
� The lateral compartment is filled with spinal nerves,

epidural fat, and blood vessels; communicates with the
paravertebral space

� The anterior compartment is a thin space that also
includes the valveless veins of Batson’s plexus

� The posterior epidural compartment is the widest part
of the epidural space; it is filled with epidural fat and
some minute vessels

Table 58.1. Comparison of spinal and epidural anesthesia

Benefits of spinal
anesthesia

Benefits of
epidural
anesthesia

Benefits of an
epidural catheter

Smaller total dose of
drug

Less respiratory
depression

Ability to titrate a drug
to effective level of
sensory block

Fewer systemic side
effects

Lower incidence of
high block

Outlasts a single-shot
block

Quicker onset time Less hemodynamic
instability

Can use the catheter
for days after
surgery

Use of catheter Helps reduce chronic
pain levels

The dura often touches but does not attach to the periosteum of
the spinal canal, unless inflammation has occurred.This results
in separate compartments of epidural space, interspersed with
areas of potential epidural space.These areas can be opened up,
or epidural space created by, injection of a bolus of air or liquid.
Epidural fat is abundant in the posterior but also in the lateral
compartment. This fat can affect the flow of epidural solutions
and act as a sink in sequestering lipid-soluble opioids and local
anesthetics.

Performing epidural anesthesia
Increasing evidence supports the use of neuraxial techniques to
lower perioperative morbidity and mortality (Table 58.2). Con-
traindications to epidural anesthesia are the same as for spinal
anesthesia (see Chapter 57).The only absolute contraindication

Table 58.2. Beneficial effects of neuraxial anesthesia in the
perioperative period

Reduced stress response to surgery
Less intraoperative blood loss (and lower transfusion requirements)
Fewer thromboembolic events (deep vein thrombosis, pulmonary

embolism, graft occlusions)
Fewer postoperative pulmonary complications
Increased regional blood flow
Earlier return of gastrointestinal function
Earlier ambulation
Earlier hospital discharge for some surgeries
Less perioperative mortality
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to epidural anesthesia is patient refusal. Relative contraindica-
tions include bacteremia, coagulopathy, and hypovolemia.

Preparation
Preparation for placement of an epidural block initially includes
taking a patient history, examining the patient, reviewing the
patient’s records and results of relevant laboratory and imaging
investigations, and obtaining written informed consent. Once
completed, the preparation for the procedure can begin. This
includes checking the equipment, placing the monitors on the
patient, and correctly positioning the patient. Surface land-
marks help identify the vertebral level at which the block will be
performed (see Chapter 57 and Table 57.1), but these are impre-
cise and studies demonstrate that blocks are often undertaken
one to three levels from the intended interspace.

Equipment
The most commonly used epidural needle used in the United
States is the 17-gauge 3.5 inch Tuohy needle (with the addi-
tion of lateral wings it is known as the Weiss needle). Needles
used for epidural blocks are larger gauge than spinal needles to
facilitate the loss of resistance technique and to pass a 19- or
20-gauge catheter through the needles. The Weiss needle has a
blunt, curved tip (similar to Tuohy) that facilitates threading of
the catheter. The blunt tip transmits tactile information to the
clinician as the needle is advanced through the “gritty” inter-
spinous and “tough” ligamentum flavum (Fig. 58.1).

The needles also are supplied with stylets to prevent super-
ficial tissue from becoming embedded within the needle lumen
during insertion. Centimeter markings are displayed on the
outside of the epidural needle to determine the distance from
skin to epidural space. These markings facilitate placement of
specific lengths of catheter within the epidural space. The plas-
tic catheters themselves typically have markings every centime-
ter for the distal 20 cm. By measuring the catheter marking
at the skin (after the needle has been removed) and subtract-
ing from this the distance from the skin to the epidural space
(measured on the epidural needle), the practitioner can deter-
mine the length of catheter left in the epidural space (com-
monly 3–5 cm). The catheters may be single- or multi-orifice.
Some evidence points to fewer patchy and one-sided blocks

Curved needle tip

Straight needle tip

Needle markings

Winged hub 

StyletStylet hub

Figure 58.1. Epidural needle design.

with multi-orifice catheters. The tip of the catheter is dark col-
ored to ensure that the entire length of the catheter has been
removed from the patient at the conclusion of the anesthetic.
Epidural catheters also vary in their stiffness. Less stiff catheters
are believed to result in fewer paresthesias on insertion and
intravascular placements. Stiffer catheters are easier to thread
longer distances into the epidural space.

Syringes for loss of resistance are also present in the epidu-
ral kits. Often a glass syringe is used after lubricating the inte-
rior walls with saline to reduce friction on the plunger; plastic
loss-of–resistance (LOR) syringes are also available and do not
require such lubrication but have a distinctly different feel to
most operators. In addition to the equipment necessary to
perform epidural anesthesia, emergency equipment should be
available, including a source of oxygen, suction, bag–valve–
mask resuscitator (Ambu bag), equipment to secure an airway,
and resuscitation drugs. All patients should have vascular access
established, and a “safety pause” should be performed prior to
starting the procedure.

Monitoring
The patient’s mental status should be continually monitored by
verbal communication. Hemoglobin saturation (SpO2), heart
rate and rhythm, and blood pressure should also be monitored
throughout the procedure.

Positioning
Thesitting, lateral decubitus, or (less commonly) prone position
can be used (see Chapter 57 and Figs. 57.2, 57.3, 57.4). Special-
ized stands that facilitate proper patient positioning have been
developed. A trained attendant who can maintain communica-
tion and reassure the patient may optimize establishment and
maintenance of appropriate patient position.

Lumbar technique
The spinal cord terminates at L1 in most adults and L3 in most
children. Therefore, there is less risk of damage to the spinal
cord by placing an epidural block in the lumbar region. After
adequate preparation and positioning of the patient, an antisep-
tic solution is used to clean the back. Sterile drapes are placed,
and the surface anatomy is identified. Local anesthetic is used
to raise a skin wheal and is then injected deeper to the level of
the interspinous ligament. A midline or paramedian approach
is then used to introduce the epidural needle and stylet into
the subcutaneous tissue.The needle is advanced until the inter-
spinous ligament is identified by its “gritty” texture. A glass or
plastic syringe is filled with 2–4 ml of air or saline, or both, and
attached to the needle. Several techniques for hand position-
ing have been described for advancing the epidural needle (Fig.
58.2). Constant or intermittent pressure on the syringe plunger
is applied during advancement. As the ligamentum flavum is
reached, increased resistance to pressure on the plunger is felt.
As the epidural space is reached, a loss of resistance is felt and
the contents of the syringe freely enter the space. At this point,
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A 

B

Figure 58.2. Epidural techniques. (A) LOR technique (continuous pressure
variant). (B) Hanging drop technique.

pressure on the plunger should be released to prevent injection
of all the air or saline in the syringe. A “single shot” of anesthetic
may then be administered, or a catheter may be advanced and
the needle withdrawn.

An alternate method of identifying needle entry into the
epidural space is the hanging drop technique. This technique
uses the negative pressure formed in the epidural space (as the
advancing needle “tents” the dura) to suck in a drop of liquid
that purposely hangs off the hub of the needle. Immediately
on noticing this, the clinician stops advancing the needle. This
technique has lost favor in the lumbar and thoracic regions, but
is still used in cervical epidural anesthesia.

Test dose
Commonly, 3 ml of 1.5% lidocaine with 1:200,000 epinephrine
(5 �g/ml) is injected as a test dose. Intrathecal (spinal) admin-
istration of this dose of local anesthetic (lidocaine 45 mg) will
rapidly result in a spinal block with motor weakness. Intravas-
cular administration of 15 �g of epinephrine will typically
result in an increase in heart rate of 30 bpm within 45 seconds,
in a patient not taking �-blockers.

Thoracic, cervical, and caudal epidural anesthesia
Thoracic epidural anesthesia is most often used, in addition
to general anesthesia, for procedures in the thoracic and high
abdominal regions. Beneficial effects include less postopera-
tive respiratory compromise from improved postoperative pain
control, earlier ambulation, and shortened ileus after intestinal
or aortic surgery. More recently, some evidence has suggested
better immune function postoperatively with epidural analge-
sia. Performing the technique in this region is more challenging
because of the presence of the spinal cord and a smaller distance
from skin to epidural space, in addition to a smaller epidural
space. The cervical spine also is used to perform epidural anal-
gesia but mainly in the treatment of chronic pain.

An alternative approach to the epidural space for procedures
in the rectal, perineal, genital, inguinal, and lower abdomi-
nal region is the caudal approach. A single-shot epidural anes-
thetic or a catheter to provide continuous infusionmay be used.
This technique is usedmore commonly in children, because the
sacral hiatus is more often patent in children than in adults.The
sacral hiatus is identified by palpating the sacral cornua that lie
on either side of the hiatus at the top of the buttock crease or at
themost caudal point of an equilateral triangle formed between
the hiatus and the posterior superior iliac spines (Fig. 58.3).
An epidural needle is advanced through the hiatus at an angle
of about 45◦. Once the “pop” of the needle passing through
the sacrococcygeal ligament is felt, the angle of needle entry is
reduced to advance the needle along the sacral canal. The nee-
dle is advanced 1–2 cm further. The dural sac ends at about S1
in adults and S3 in infants. Although advancing the epidural
needle only 1–2 cm into the caudal canal should ensure epidu-
ral rather than intrathecal placement, it is prudent to check for
CSF prior to injecting or advancing an epidural catheter.

Combined spinal–epidural anesthesia
Spinal anesthesia offers certain advantages over epidural infu-
sion, including quicker onset, a denser motor and sensory
block, and reduced total drug dose. The advantages of epidural
anesthesia over an intrathecal delivery include the ability to pro-
vide a prolonged, titratable level of anesthesia. Disadvantages
of subarachnoid anesthetic include anesthesia wearing off too
early, an inadequate level of anesthesia, and adverse cardiovas-
cular effects of a high spinal. The disadvantages associated with
an epidural anesthetic thatmay be avoided by combined spinal–
epidural anesthesia include slow onset time, a patchy block with
inadequate motor paralysis, and an intravascular injection with
subsequent CNS and cardiovascular toxicity. Combining the
two techniques offers the advantages of both while minimizing
the disadvantages.

The procedure is performed at the lumbar level. A standard
17-gauge 3.5 inchWeiss needle or a specifically designed epidu-
ral needle with an additional exit eye near the tip may be used
(Fig. 58.4). The spinal needle used is a longer, 4.5–5 inch 24–27
gauge needle. The spinal needle should easily slide through the
epidural needle and extend 12–15 mm beyond the curved tip
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BA 

Figure 58.3. Caudal anesthesia landmarks (A) and needle insertion (B).

of the epidural needle. After local anesthetic solution has been
injected at the puncture site, the epidural needle is advanced
as described for epidural anesthesia. Once in the interspinous
ligament, the stylet is removed. An LOR syringe is attached,
and the epidural space is identified by the loss of resistance.
Once the epidural space has been found, the spinal needle is
advanced through the epidural needle. As the spinal needle is
advanced, a “pop” indicates puncture of the dura. Removing the
stylet from the needle should result in returning CSF that will
confirm intrathecal placement. The spinal drug should then be
injected through the spinal needle, and this needle is then with-
drawn. An epidural catheter may then be inserted, the needle
removed, and the catheter secured.

A long spinal needle can be passed through the lumen of a
standard epidural needle, although the needle will be slightly

Standard Tuohy 
epidural needle

Epidural needle with
additional exit hole

Epidural needle
Spinal needle

Figure 58.4. Equipment for combined spinal–epidural anesthesia.

deflected. Specially designed epidural needles with an addi-
tional hole for the spinal needle are available, although theymay
not affect block success significantly.

When surgical anesthesia is obtained by the spinal injec-
tion, a test dose or epidural infusion should not be started until
the effect of intrathecal anesthesia starts to wear off. Although
the catheter is assumed to be in the epidural space, it must
be remembered that it can still be intrathecal or intravascular.
Administering a bolus of local anesthetic through an epidural
catheter that may have migrated into the subarachnoid space,
after a full subarachnoid dose of drug has been given,may result
in a high or total spinal. Once the level of intrathecal anesthe-
sia has regressed, aspiration of the catheter may be followed by
injection of a test dose. Some authorities believe it is safe to
begin an epidural infusion immediately if dilute local anesthetic
is used, particularly in obstetrics (see Chapter 121).

Determinants of epidural spread, onset,
and duration of action
To optimize the use of epidural drug delivery, the clinicianmust
have an understanding of what affects spread of the drug in the
epidural space, the speed of onset, and the duration of anesthe-
sia and analgesia.

Determinants of epidural spread
The site of injection of local anesthetic is the most important
variable in determining segmental anesthetic coverage. Local
anesthetic spreads in both cephalad and caudal directions in
the epidural space. There is slightly more cephalad than caudal
spread. However, it may be that it is simply easier to block the
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Table 58.3. Local anesthetic agents for epidural anesthesia: approximate two-segment regression time and dosing intervals for lumbar (L2–4) epidural
anesthesia

Peak cephalad Time to two-segment Recommended dose
Local anesthetic Dose,mg block height regression (1 SD or range),mina interval,minb

Chloroprocaine 2%–3% + 1:200,000 epinephrine 600 T5 80 (15) 45
Lidocaine 1.5%–2% + 1:200,000 epinephrine 300–400 T4 100 (50–60) 60
Mepivacaine 1.5%–2% + 1:200,000 epinephrine 300–400 T4 110–120 (40–50) 60
Bupivacaine 0.5%–0.75% (plain) 100–150 T5 150–190 (60–80) 120
Ropivacaine 1% (plain) age 30 (18–40)c 150 T8d 143 (45–298) 120
Ropivacaine 1% (plain) age 51 (41–59)c 150 T6d 190 (100–340) 120
Ropivacaine 1% (plain) age 71 (61–82)c 150 T4d 203 (105–378) 120

a Mean (1 SD or range).
b Dosing intervals are approximate guidelines. In awake and cooperative patients, clinical monitoring for signs and symptoms (increase in blood pressure and
heart rate or objective evaluation of dermatomal level of block) of dermatomal regression will indicate the need for a top-up dose.
c Ages expressed as mean (range).
d Note for ropivacaine the significant difference in peak block height between the youngest and oldest age groups.
From Wong C. Spinal and Epidural Anesthesia. New York: McGraw-Hill; 2007.

smaller, more cranial nerve roots. Local anesthetic uptake may
be slower in the more caudal regions because the caudal nerve
roots are larger andmore length is present in the epidural space.

Dose, volume, and concentration
Whereas the total volume injected determines the spreadwithin
the epidural space, the concentration of the drug affects the den-
sity of the block. A general guideline for the volume of drug to
use is 1–2ml of local anesthetic per dermatome to be blocked. If
motor blockade is desired, the highest available concentration
of local anesthetic should be used.

Age
Increasing age has been shown to affect the spread of local anes-
thetic in the epidural space. Older patients have increased cau-
dal and cephalad spread of local anesthetic within the space.
Anatomic changes that may account for this include a more
compliant epidural space with reduced epidural fat content and
a narrowing of the intervertebral neuroforamen through which
the local anesthetic may escape.

Pregnancy
There is conflicting evidence in studies examining longitudi-
nal epidural spread in pregnancy. Studies are limited because
there is no practical or reliable quantitative measure of spread
of the solution in the epidural space. There is some evidence to
support increased local anesthetic sensitivity of nerves in preg-
nancy that may augment the blocks for a given dose of drug.

Onset of epidural anesthesia
The speed with which epidural anesthesia renders a patient
ready for surgical incision is a characteristic of the drug used.
Anesthesia is first noticed along the dermatomes nearest the site
of injection within a fewminutes. Onset of action of local anes-
thetics is determined by the fraction of the drug in the nonion-
ized forms and the concentration of the local anesthetic solution
injected.

Duration
The duration of action of local anesthetics in the epidural space
depends on several factors. Time to two-segment regression
from a single epidural shot of local anesthetic is summarized
in Table 58.3 and include the drug itself, the dose of drug, and
the presence of an adrenergic agonist. Local anesthetic duration
correlates with the drug’s protein-binding ability and its lipid
solubility. Sequestration of the local anesthetic into epidural fat
can prolong its action by acting as a depot of the drug.Theuse of
adrenergic agonists such as epinephrine (1:200,000) is thought
to prolong the block by causing local vessel vasoconstriction.
This is believed to prolong the effects of epidural local anesthet-
ics by decreasing clearance of the drug from the epidural space.

Drugs used in the epidural space
Local anesthetics, opioids, and adrenergic agonists have all been
used independently and in combinations. Local anesthetics are
the most frequently used epidural agents and act at the spinal
cord, dorsal and ventral nerve roots, and the exiting spinal nerve
itself. The most important sites of action are the lateral dural
cuff regions of the dorsal and ventral nerve roots. Here, exposed
arachnoid granulations facilitate local anesthetic transport into
the CSF.

Opioids also may be used in the epidural space as either a
bolus or an infusion. They provide analgesia by binding to pre-
and postsynaptic opioid receptors in the substantia gelatinosa of
the dorsal horn of the spinal cord as well as to opioid receptors
located in the brainstem. Binding of opioids to these pre- and
postsynaptic receptors inhibits the transmission of pain signals
mediated by neurotransmitters such as substance P. Epidural
opioids reach the spinal cord by diffusing across the dura. They
reach the brainstem either by vascular uptake in the epidu-
ral space or by cephalad spread of hydrophilic opioids within
the CSF. Adverse effects of epidural opioids include nausea,
vomiting, urinary retention, pruritus, and respiratory depres-
sion. Early and late respiratory depression may result. Early
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respiratory depression from �2-opioid receptor activation may
occur. Late respiratory depression occurs up to 24 hours
after administration from slow cephalad CSF diffusion of
hydrophilic opioids.

Adrenergic receptor agonists are also delivered into the
epidural space. Clonidine is a specific �2-adrenergic agonist
with an analgesic and sedative effect. Although �2-adrenergic
receptors are found throughout the body, the analgesic activ-
ity of clonidine is believed to result from activation of recep-
tors in the dorsal horn. Activation of these receptorsmimics the
descending inhibitory pain pathways that use norepinephrine
in their signal transmission.

Adverse effects
Major complications from neuraxial anesthesia are uncommon
events. In a large multicenter prospective study in France, com-
plications from spinal anesthesia were found to occur signif-
icantly more often than from epidural anesthesia. Of 40,640
spinal and 30,413 epidural procedures, cardiac arrest occurred
in 26 and three cases, respectively. A more recent study found a
similar pattern of uncommon complications. Of 41,079 spinal
and 35,293 epidural anesthetics performed at multiple centers
in France, 31 serious events were reported in the spinal group
and seven in the epidural group. Although serious complica-
tions from epidural anesthesia are uncommon, minor com-
plications and adverse effects do occur more frequently. Back
pain, urinary retention, pruritus, and nausea and vomiting are
often seen as a result. More serious complications discussed
here include intravascular injections, complications related to
the inadvertent puncture of the dura, infections, and finally,
epidural hematomas.

Intravascular injection
Blood vessels are located primarily in the lateral and ante-
rior epidural space.These vessels may become engorged during
pregnancy, which increases the risk of intravascular injections.
Preventive measures may reduce the risk of this complication
and include the use of soft-tipped catheters, restricting the
length of catheter inserted to less than 5 cm, aspirating prior
to any epidural injection, use of an epinephrine-containing test
dose, and fractionation of doses to no more than 3-5 ml at a
time. Local anesthetics injected intravascularly in the epidural
space may cause CNS toxicity followed by cardiovascular toxi-
city and collapse.

Dural puncture
Inadvertent puncture of the dura during epidural needle place-
ment may occur and is partly related to the skill of the prac-
titioner. Returning CSF is a definitive sign of a “wet tap.” If
this occurs, the practitioner must decide whether to aban-
don the procedure, try again at a different level, or convert
the anesthetic to a continuous spinal. Penetrating the dura
either with the large-gauge epidural needle or by a catheter

that has migrated into the subarachnoid space may result in a
total spinal or a postdural puncture headache (PDPH). A large
epidural dose of local anesthetic unintentionally administered
into the subarachnoid compartment can migrate to cervical
and even intracranial levels, resulting in bradycardia, hypoten-
sion, difficulty swallowing and phonating, dyspnea, and loss of
consciousness. It is termed a high or total spinal. Hypoperfu-
sion of the brainstem may affect the higher respiratory centers
and result in apnea. Treatment consists of head-down posi-
tioning to improve preload and brainstem perfusion, oxygen,
airway management, and circulatory support with vasocon-
strictors, inotropes, and chronotropes. Subdural anesthesia is
a similar complication from unintentional dural puncture but
often is less dramatic. The subdural region is a potential space
lying between the closely opposed dura mater and arachnoid
mater. Injection into this space by a needle positioned here or
from a catheter that may have migrated into the space occurs
with an estimated frequency of one in 2000 cases. Signs sugges-
tive of a subdural block include a higher than intended level,
a patchy block, Horner’s syndrome (miosis, ptosis, enophthal-
mus, and anhidrosis), and signs of a total spinal.

Postdural puncture headache
Dural puncture, whether intended or unintended, may result in
a severe bilateral fronto-occipital headache that occurs 12 to 48
hours after the procedure. Characteristically, the pain is related
to position. Lying flat often relieves the pain, whereas sitting or
standing increases the intensity. The pain is thought to occur
following CSF leak through the dural puncture that leads to
decreased intracranial cushioning effect of the CSF. This may
cause increased traction on intracranial structures and result
in the sensation of pain in areas innervated by compressed or
stretched intracranial nerves. PDPH often resolves within 3 to
7 days but rarelymay persist. Conservativemanagement should
be started upon presentation and includes reassurance, bed rest,
oral or intravenous (IV) hydration, administration of caffeine or
theophylline, and analgesics.

If conservative management has failed and the pain is not
improving, more invasive measures may be attempted. An
epidural bloodpatch provides rapid and complete improvement
in 70%–98%of cases.Theprocedure involves injecting 15–25ml
of autologous blood, under sterile conditions, into the epidu-
ral space at or one interspace below the dural puncture. The
procedure is believed to compress and block the defect in the
dura while squeezing CSF cephalad and into the intracranial
compartment.

Infection
Rarely, bacterial contaminants may cause meningitis, arach-
noiditis, or an epidural abscess. Organisms responsible for such
infections include skin flora such as Staphylococcus aureus and
Staphylococcus epidermidis but also oral commensals such as
Streptococcus viridans. A suspected epidural abscess should
be confirmed by MRI. Treatment includes IV antibiotics and
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surgical incision, drainage, and decompression. Replacing or
removing epidural catheters within 5 days of placement may
reduce the incidence of this rare complication.

Epidural hematoma
Epidural hematomas may occur spontaneously or secondary
to epidural blood vessel trauma from a needle or from inser-
tion or removal of an epidural catheter. The incidence of
epidural hematomas has been estimated to be between one
in 150,000 cases for epidural anesthesia and one in 220,000
for spinal anesthesia. The increasing frequency of periopera-
tive anticoagulation may be responsible for an increase in the
incidence of this complication. Guidelines have been revised
by the American Society of Regional Anesthesia and Pain
Medicine (see Appendix to Chapter 57). These revised guide-
lines reflect the changing practice of perioperative anticoag-
ulation. As with epidural abscess formation, early detection
of the space-occupying hematoma within the epidural space is
critical. Early signs of back pain and lower-extremity numb-
ness or weakness may be masked by epidural anesthesia.
However, these signs, in the setting of bowel or bladder inconti-
nence should alert the physician to the possibility of a devel-
oping hematoma. An MRI and neurosurgical consult should
be obtained immediately, because delays of more than 8 hours

before surgical decompression have been implicated in poorer
outcomes.
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59 Principles of ultrasound-guided nerve blocks
Tanja S. Frey and Adam B. Collins

Ultrasound use is rapidly expanding in numerous fields of
medicine. This trend is likely to continue as ultrasound image
quality improves and equipment becomes less expensive and
more portable. High-resolution ultrasound facilitates direct
visualization of nerves, adjacent structures, block needle, and
local anesthetic distribution. The ability to select an optimal
needle path, guide its insertion with great precision, and obtain
real-time feedback on the spread of local anesthetic is attract-
ing substantial interest in the regional anesthesia community.
A growing body of evidence demonstrates that ultrasound
guidance increases the success rate and decreases morbidity
compared to traditional nerve stimulator–based techniques for
several peripheral nerve blocks.

Ultrasound-related physics
The transducer emits sound waves into the tissue and receives
sound that is reflected or scattered back to the receiver. Ultra-
soundwaves are high-frequency soundwaves above 20 kHz that
are not audible to the human ear (audible range is 20 Hz–20
kHz). Frequencies useful in regional anesthesia are in the 4–
17MHz range. Tissues with different acoustic impedance inter-
act with incident sound waves, causing attenuation, reflection,
refraction, and scattering. What is reflected back to the trans-
ducer is transformed into an electrical signal that is processed
by the ultrasound machine to generate an image on the screen.
The greater the echogenicity of a particular tissue, the brighter
it is depicted on the sonogram. The time it takes for the sound
to be received after emission is used to calculate depth, based
on the assumed speed of sound in tissue, which is 1540 m/sec.
Anatomic structures can appear hypoechoic, hyperechoic or
isoechoic, as summarized below:

� Structures with high water content, such as blood vessels,
appear hypoechoic (dark or black) because the ultrasound
waves are transmitted through these structures easily with
little reflection.

� Structures with low water content, such as bone and
tendons, appear hyperechoic (bright) because the
transmission of ultrasound waves is blocked, and the
strong signal returned to the transducer gives these
structures a white appearance.

� Structures of intermediate density and acoustic impedance
appear gray on the screen and are called isoechoic.

Transducer selection
In general, linear transducers provide a rectangular image, and
sector view transducers produce a pie-shaped image with a
small footprint. Because frequency determines the depth of
tissue penetration, the depth of the target organ/tissue in an
individual patient dictates the frequency range that is most
useful. Deep structures (�4 cm) require low-frequency trans-
ducers in the 3–7 MHz range that penetrate well but at the
expense of axial resolution. Superficial structures (0.5–4 cm)
benefit from high-frequency transducers in the 10–15 MHz
range that provide high axial resolution at the expense of pen-
etration. Advanced, high-frequency transducers in particular
demonstrate the characteristic fascicular appearance of nerves
and the fibrillar appearance of tendons, and differentiate them
from surrounding structures. Modern ultrasound equipment
offers various enhancements to make high-quality nerve imag-
ing simpler and more consistently achieved.

Imaging plane
Nerves can be viewed in short or long axis. Short-axis (trans-
verse) imaging cuts through cylindrical structures in cross-
section, producing a circular image on the screen (Fig. 59.1a).
This orientation generally provides the most stable and recog-
nizable image of nerves and surrounding structures, even with
moderate transducer movement during block performance.

Long-axis imaging shows the same object longitudinally and
depicts the course of cylindrical objects as linear (Fig. 59.1b). It
is of limited use in ultrasound-guided regional anesthesia but
can help confirmcatheter placement for continuous nerve block
techniques along a selected nerve.

In the out-of-plane (OOP) technique, the needle is intro-
duced from outside the plane of imaging and crosses the scan
plane so that the needle tip or shaft is shown as an echogenic
dot (Fig. 59.2). This technique relies on observing tissue dis-
placement caused by the advancing needle, as well as seek-
ing the needle tip by adjusting the transducer position and
angle. Aligning the structure of interest in the center of the
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A
B

Figure 59.1. Short- or transverse-axis (A) and long-axis imaging planes (B).

image and then inserting the needle on the centerline of the
transducer helps ensure relatively accurate needle placement.
A 45◦ insertion angle from the skin is a good starting point.
The needle tip is usually sufficiently hyperechoic that it stands
out from muscle and fat, but the shaft may be harder to
visualize directly and may be appreciated only by the shadow
it casts.

The in-plane (IP) technique uses a needle introduced within
the plane of imaging and shows the needle as an echogenic

line (Fig. 59.3). Only the portion of the needle that lies within
this very thin scan plane can be seen, making it possible to
advance the needle further than intended when the tip strays
from the scan plane. The needle tip has a stepped appearance,
whereas the shaft shows reverberation artifact (Fig. 59.4). Spe-
cial echogenic needles are available that produce a brighter nee-
dle image over a broader range of insertion angles. All needles
show a decrement in signal intensity when they are inserted
at a steeper angle relative to the active face of the transducer.

A B

Figure 59.2. Short- or transverse-axis OOP technique (A) and needle tip appearance on ultrasound (B).
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A B

Figure 59.3. Short- or transverse-axis IP technique (A) and needle appearance on ultrasound (B).

The IP approach requires a needle that is a few centimeters
longer than the width of the transducer, to allow the needle to
reach structures imaged on the side opposite the point of needle
insertion.

Sonographic appearance of nerves
Nerves in ultrasound images usually have a fascicular echo-
texture that corresponds to the cross-sectional nerve structure
seen on light microscopy, but with fewer fascicles resolved.The
nerve fascicles appear hypoechoic, surrounded by hyperechoic
epineurium and perineurium. Nerves also change shape and
echotexture along their course. For example, proximal nerves,

such as the roots and trunks of the brachial plexus, appear
hypoechoic and monofascicular but become hyperechoic and
polyfascicular as they course into the periphery (Fig. 59.5).

General considerations for
ultrasound-guided nerve blocks
As with non–ultrasound-guided techniques, the patient should
receive sedation, supplemental oxygen andhave standardmoni-
toring. A clean transducer with acoustic coupling gel is covered
with a sterile occlusive dressing or special sterile probe cover.
Air trapped between the transducer and the sterile cover will
result in shadowing because of the poor impedance of air for

Figure 59.4. Appearance of IP needle during brachial plexus block.
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A B

Figure 59.5. Proximal (A) and peripheral (B) nerve appearance on ultrasound.

ultrasound waves. Sterile acoustic gel is also required on the
outside of the sterile cover and the patient’s skin.

Touching one side of the active face confirms the orientation
of the ultrasound transducer (Fig. 59.6). The orientation of the
ultrasound transducer notch is by convention either cranial in
longitudinal views or to the patient’s right in transverse views.
The ultrasound screen has an orientation marker that corre-
sponds to the physical marker on the transducer.

Surface anatomy landmarks used in conventional, non–
image-guided techniques can be used to guide the initial place-
ment of the ultrasound transducer. Further adjustments are
performed according to the ultrasound image to achieve the
best nerve imaging. An optimal needle path is selected, and

Figure 59.6. Confirmation of transducer orientation.

the puncture site is infiltrated with a local anesthetic such as
lidocaine 1% via a small-gauge needle. The larger block needle
is inserted through the skin wheal. It is important to respect
the proximity of surrounding structures, especially the lung,
arteries, veins, and spinal cord. One should avoid blind needle
insertion deeper than expected by the sonogram or if the target
structure or needle (tip) is poorly visualized. Nerve stimulation
can confirm needle position but does not appear to improve
block success rate; moreover, it adds to the complexity of the
procedure.

Injection of the local anesthetic for neural blockade is made
incrementally, often in multiple sites, with continuous assess-
ment of local anesthetic distribution. Circumferential spread
around nerves produces rapid and complete conduction block
(Fig. 59.7). If the solution does not appear to surround all com-
ponents of the target structure, the needle position is adjusted
before further injections are made. Injections should be made
slowly with frequent aspiration and maintaining low injection
pressures (� 20 psi). If local anesthetic distribution cannot be
visualized after a test dose of 1 to 2 ml, the injection should be
stopped. One should aspirate and reassess needle tip placement
to rule out intravascular injection. Air bubbles not removed
from the syringe or tubing are highly echogenic and markedly
degrade image quality after inadvertent injection (Fig. 59.7).
Bicarbonate-containing solutions also may obscure imaging
because of their carbon dioxide content.

All blocks can be performed either as a single-shot or con-
tinuous technique. The continuous technique is similar to the
single shot, but instead of a 20- or 22-gauge short-bevel needle,
a 17- or 18-gauge Tuohy needle is used. Once the needle is in
optimal position, a small amount of local anesthetic is injected
to facilitate passage of the catheter that is then inserted to the
desired depth and secured in place. This technique can provide
excellent postoperative pain control over several days that may
facilitate early rehabilitation.
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Figure 59.7. Air seen on injection while performing a musculocutaneous nerve block. MCN, musculocutaneous nerve; LA, local anesthetic.
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60 Upper extremity nerve blocks
Eddy M. Feliz, Tanja S. Frey, Adam B. Collins, and Abdel-Kader Mehio

Introduction
Performing upper extremity nerve blocks requires detailed
knowledge of anatomy, understanding of local anesthetic phar-
macology, familiarity with the equipment, and preparation for
possible complications. Upper extremity blocks are useful for a
broad range of surgical procedures, ranging from the shoulder
to the distal phalanges. The techniques used for nerve blocks
have improved over time. Landmark-based approaches using
paresthesias and nerves stimulation have largely been sup-
planted by ultrasound-guidance. Today ultrasound guidance is
considered to be superior to older modalities in terms of maxi-
mizing success and minimizing morbidity.

Anatomy
The brachial plexus is formed by the ventral division of the cer-
vical nerve roots of C5 through C8 and T1, with variable con-
tribution from C4 and T2 (Fig. 60.1). These anterior divisions
unite, forming trunks, divisions, cords, and terminal nerves.
With the exception of the skin over the medial aspect of the
arms (innervated by the intercostobrachial branch of T2) and
the skin over the anterior portion of the shoulders (innervated
by the cervical plexus, C1–4), the brachial plexus supplies all the
motor and sensory innervation of the upper extremities.

Trunks
Nerve roots exit the spinal canal through the intervertebral
foramina. In the space between the anterior andmiddle scalene
muscles, the anterior divisions of these roots fuse together to
form three trunks, the superior, middle, and inferior.The supe-
rior trunk receives fibers from C5 and C6, the middle trunk
from C7, and the inferior trunk from C8 and T1. At this level,
the phrenic nerve (C3–5) lies over the anterior scalene muscle.
This explains its vulnerability to blockade during the intersca-
lene approach, causing unilateral diaphragmatic paralysis.

Divisions
At the lateral border of the first rib, just behind the midpoint of
the clavicle and posterior to the insertion of the anterior scalene
muscle, each trunk forms an anterior and a posterior division
to enter the axilla. Eventually, anterior divisions supply flexor
muscles and posterior divisions supply extensor muscles.

Cords
The anterior and posterior divisions recombine to create three
cords. These are named according to their relationship to the
axillary artery. The lateral cord is derived from the anterior
division of the superior and middle trunks. The medial cord is
a continuation of the anterior division of the inferior trunk and
the posterior cord originates from the fusion of the posterior
divisions of all three trunks. These cords then divide into
terminal branches at the lateral border of the pectoralis minor
muscle.

Branches
The lateral cord gives rise to the musculocutaneous nerve
and the lateral root of the median nerve. The medial cord
contributes to the formation of the median nerve (medial
aspect), the ulnar nerve, the medial cutaneous nerve of the
forearm, and the medial cutaneous nerve of the arm. The
posterior cord divides into the radial nerve and the axillary
nerve.

Understanding the anatomic structure of the brachial plexus
and the dermatomal innervation of each nerve root will
increase the efficacy of the block while minimizing complica-
tions (Fig. 60.2). This knowledge allows one to choose the best
approach to block the brachial plexus for the intended surgical
procedure.

Brachial plexus blockade
Interscalene approach
The interscalene block targets the roots and trunks of the
brachial plexus and is useful for surgical anesthesia and post-
operative analgesia in the shoulder and arm. The patient is
positioned semi-sitting or supine, with the arms adducted
and the head turned to the contralateral side. Neck flexion
against gravity demonstrates the sternocleidomastoid muscle,
which lies just anterior to the interscalene groove. The inter-
scalene groove is formed by the anterior and middle sca-
lene muscles as they course toward their insertion in the
first rib.

After patient preparation, a high-frequency linear trans-
ducer (10–15 MHz) is applied in the short axis. The carotid
artery and internal jugular vein are identified and differentiated
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Figure 60.1. Diagram of the brachial plexus.

by compressing with the transducer. The internal jugular vein
is collapsible under the pressure, whereas the carotid artery
should showdistinct pulsations. Sliding the transducer laterally,
the roots and trunks of the brachial plexus can be visualized
as round, hypoechoic structures coursing between the anterior
and middle scalene muscles (Figs. 60.3 and 60.4).

The brachial plexus is usually found 0.5 to 1.5 cm beneath
the skin surface. It can be approached with the needle in or out
of plane, depending on what appears to be the safest needle tra-
jectory in a given patient. The puncture site is infiltrated with
1% lidocaine via a small-gauge needle.The out-of-plane (OOP)
approach uses a 22-gauge short-bevel 1–2 inch needle inserted
from outside the plane of imaging either cranial to caudal (Fig.
60.3) or lateral to medial. This may result in unconventional
needle approaches that have the potential to cause complica-
tions, especially those resulting from the proximity of the lung,
carotid, and vertebral arteries, as well as the spinal cord. Hence,
it is important to image the needle tip while it is still superficial
and to avoid blind passes.

The in-plane (IP) approach (Fig. 60.4) requires a longer nee-
dle, depending on the width of the transducer and depth of the
target structures. A 22-gauge 2–3 inchneedle is advanced slowly
into the plane of imaging under real-time visualization. The
needle trajectory can be either posterior to anterior, as shown in
Fig. 60.4, or anterior to posterior. The IP approach may afford
a greater degree of safety as long as the needle is imaged well
throughout the procedure. When using the IP approach it is
safer to insert the needle lateral to the ultrasound probe. Insert-
ing the needle medial or anterior to the ultrasound probe may
result in injury to the phrenic nerve. It is common to see phys-
ical separation of the roots of the brachial plexus in the inter-
scalene groove (Fig. 60.4). An injection of 25 to 30 ml of local
anesthetic solution is made incrementally, targeting the deeper
roots (C8, T1) first so that the mass of local anesthetic does not
drive these nerves deeper and make them less accessible later
in the procedure. If spread around the more superficial roots
is incomplete, the anesthetic should be reserved and the needle
repositioned to obtain spread around the entire brachial plexus.
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Figure 60.2. Cutaneous innervation of the upper extremity. (A) Arm
supinated. (B) Arm prone.

Adverse effects and complications
Neural injury secondary to direct needle trauma can occur,
but it is uncommon and self-limited. Ipsilateral phrenic nerve
blockade leading to hemiparesis of the diaphragm occurs in
almost 100% of patients and can result in up to 30% reduction
in pulmonary function. Bilateral interscalene brachial plexus

blockade should be avoided. Frequent aspiration should be
done during injection of local anesthetics, even though it does
not exclude an intravascular injection. Pneumothorax is a rare
complication but is more likely if the needle is directed too cau-
dad (�45◦). Recurrent laryngeal, vagus, and cervical sympa-
thetic nerve blockade have also been described. Epidural and
intrathecal injection can be avoided if the needle orientation is
maintained slightly caudad.

Supraclavicular approach
For a supraclavicular block, the patient is positioned in a semi-
sitting, upright, or supine position with the arms adducted and
the head turned to the opposite side. The clavicle and lateral
border of the clavicular head of the sternocleidomastoid mus-
cle provide a reference for where to place the high-frequency
linear transducer. After patient preparation, the transducer is
applied in the short axis. At this height, the trunks or divi-
sions of the brachial plexus are typically visualized. The ultra-
sound picture is usually described as hypoechoic clusters of
grapes between the anterior and middle scalene muscles, just
cephalad to the subclavian artery (Fig. 60.5b). The lung or
pleura can be seen deep to the first rib. Careful attention must
be paid to the proximity of the lung and subclavian artery
when performing a supraclavicular block, because this block
carries a higher risk of inadvertent vascular puncture and
pneumothorax.

For the OOP approach, the needle can be advanced in a
cranial-to-caudal direction similar to the classical approach,
the point of needle insertion being 2–3 cm above the

A B

Figure 60.3. Interscalene block OOP approach. ASM, anterior scalene muscle; MSM, middle scalene muscle.
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Figure 60.4. Interscalene block IP approach. CA, carotid artery; IJ, internal jugular vein; SCM, sternocleidomastoid muscle; ASM, anterior scalene muscle; MSM,
middle scalene muscle.

mid-clavicle, optimally in a 30◦ angle (Fig. 60.5). Often, there is
little working room between the transducer and the neck, and
given the potential for pneumothorax, it is preferable to use the
lateral-to-medial IP approach. Here, the ultrasound transducer
can be placed immediately superior and parallel to the clavicle.

Shadowing artifact may be caused by the bone in this position.
The needle is inserted lateral to the transducer and carefully
advanced from lateral to medial under real-time visualization
(Fig. 60.6). Another approach places the ultrasound transducer
at a 90◦ angle to the clavicle. Here, the needle is inserted near

A B

Figure 60.5. Supraclavicular block OOP approach (ASM = anterior scalene muscle, MSM = middle scalene muscle, SCM = sternocleidomastoid muscle).
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Figure 60.6. Supraclavicular block IP approach, lateral to medial. SA, subclavian artery; BP, brachial plexus; ASM, anterior scalene muscle; MSM, middle scalene
muscle; SCM, sternocleidomastoid muscle.

the clavicular head of the sternocleidomastoid muscle, which
resembles the “plumb-bob” approach, and advanced from the
anterior-to-posterior direction. The transducer position and
angle should be adjusted to image the advancing needle tip.
Incremental injections of 25 to 30ml of local anesthetic solution
is made until the brachial plexus shows circumferential spread.

Adverse effects and complications
The most important complication associated with supraclavic-
ular brachial plexus blockade is pneumothorax. Its incidence
(0.5%–6%) is reduced with experience and the use of ultra-
sound to visualize the first rib and the lung while guiding the
needle. However, this block should be avoided in patients with
poor pulmonary reserve, and it is relatively contraindicated in
outpatients if ultrasound is not available. Bilateral supraclav-
icular brachial plexus blocks should be avoided. Blockade of
the phrenic (50%–60%), recurrent laryngeal, and cervical sym-
pathetic plexus have also been described with this approach.
Intravascular injection is possible, and frequent aspiration is
advised during injection of the local anesthetic. Neural injury
is rare and usually transient.

Infraclavicular approach
The patient is positioned supine, with the ipsilateral arm
abducted and externally rotated. If this is impossible – for exam-
ple, secondary to pain with movement – the arm also can be
kept in a neutral or adducted position. This, however, may
make it slightlymore difficult to identify the subclavian/axillary
artery. After sterile skin preparation and draping, a linear trans-
ducer (5–10MHz) is placed immediatelymedial to the coracoid
process in the short axis.

The subclavian/axillary artery underneath the pectoralis
major and minor muscle is identified (Fig. 60.7b). Often, this is
accomplished most easily by keeping the transducer very close
to the inferior edge of the clavicle. One should be aware that the

close proximity to bone can cause a shadowing artifact thatmay
reduce image quality. Adding Doppler function to the sono-
grammay be helpful in distinguishing the subclavian artery and
vein, both of which are almost incompressible at this location.
The cords may appear hyper- or hypoechoic at this level and
take a lateral, medial, and posterior position with respect to the
artery.

The puncture site and pectoralis muscles are infiltrated
with 1% lidocaine via a small-gauge needle. Using the OOP
approach, a 20- or 22-gauge short-bevel 3–4 inch needle is
inserted at a 45◦ angle, or steeper.The needle is slowly advanced
under real-time imaging from medial to lateral at this angle
toward the subclavian artery and its surrounding cords (Fig.
60.7B). The medial cord may sometimes be difficult to find
between the subclavian artery and vein.

For the IP approach, one can choose between the vertical
paracoracoid (i.e., lateral; Fig. 60.8) or the classic approach.
For the lateral approach, the transducer is placed immediately
medial to the coracoid process in a parasagittal plane. If the arm
is in the abducted position, the needle entry is approximately 2
cm medial and 2 cm caudal to the most prominent aspect of
the coracoid process. A 22-gauge 3–4 inch needle is advanced
from cranial to caudal toward the cords that surround the sub-
clavian/axillary artery.

Alternatively, for the classic approach the transducer is
applied at the middle of the clavicle in the parasagittal plane.
The needle is introduced between the clavicle and the trans-
ducer and is advanced in a caudad and lateral direction within
the imaging plane.

For a successful block, a total of 30 to 40 ml of local anes-
thetic should be injected in two locations: lateral (for the lat-
eral and posterior cord) and medial (for the medial cord) from
the artery (Fig. 60.7). Overlying muscle attenuates ultrasound
waves, and the nerves deep to these muscles are often diffi-
cult to resolve well. This block is usually performed in a fairly
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Figure 60.7. Infraclavicular block OOP approach. SA, subclavian artery; SV, subclavian vein; M, medial cord; L, lateral cord; P, posterior cord; PMi, pectoralis minor
muscle; PMa, pectoralis major muscle.

Figure 60.8. Infraclavicular block IP, lateral approach.

lateral location thatmakes pneumothorax less common but still
possible.

This location also is preferred for a continuous brachial
plexus catheter technique to provide postoperative pain control.
It has the advantage of an immobile insertion point that limits
the risk of dislodgement.

Adverse effects and complications
Hematoma, nerve injury, chylothorax (following left-sided
block), and infection are theoretically possible. Again, the risk
of intravascular injection is minimized by careful aspiration
before injection. If the needle is directed too medially, pneu-
mothorax is also a possibility.

Axillary approach
The axillary block provides safe and effective conduction block
of the terminal branches of the brachial plexus for procedures
on the elbow, forearm, and hand. The patient is positioned
supine, with the armabducted approximately 90◦ and externally
rotated (Fig. 60.9). Padding under the wrist to reduce extension
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Figure 60.9. Axillary block OOP approach. AA, axillary artery; AV, axillary vein; M, median nerve; U, ulnar nerve; LA, local anesthetic.

and external rotation can make patients more comfortable
while not compromising access to the brachial plexus. Surface
landmarks include the pulse of the axillary artery, the coraco-
brachialis, and the pectoralis major muscle.

After patient preparation, a linear high-frequency trans-
ducer (10–15 MHz) is placed high in the axilla to image the
nerves and vessels in short axis.The axillary artery is visualized
easily with one or more nearby veins, and the median, ulnar,
and radial nerves lie immediately adjacent to it. These struc-
tures usually lie 1 to 2 cm beneath the skin. The musculocu-
taneous nerve is outside the neurovascular bundle at this level
and pierces the coracobrachialis muscle just lateral to the axil-
lary artery.

For theOOPapproach, a 22-gauge short-bevel 1–2 inchnee-
dle is inserted at a 45◦ angle to the skin and advanced distally
to proximally crossing the plane of imaging. Local anesthetic

solution is deposited incrementally within the axillary sheath
and around each accessible nerve, including the musculocuta-
neous nerve (Fig. 60.9b).

The IP approach requires a 22-gauge 2–4 inch needle that is
advanced laterally to medially, starting at the edge of the trans-
ducer or going through the distal pectoralis major muscle (Fig.
60.10). The local anesthetic solution injection should surround
each identified nerve and also spread in the axillary sheath (see
Fig. 60.9b). It is usually best to perform the deep injections (the
radial nerve) first so that superficial structures remain superfi-
cial and are not pushed deeper by the injected local anesthetic.

About 30 ml of local anesthetic solution is injected around
the axillary artery and visible nerves or in at least two loca-
tions (anterior for the median and ulnar nerve and poste-
rior to the axillary artery for the radial nerve; Fig. 60.11).
About 5 mL of local anesthetic solution is injected around the

A B

Figure 60.10. Axillary block IP approach. AA, axillary artery; M, median nerve; U, ulnar nerve; R, radial nerve; MCN, musculocutaneous nerve.
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Figure 60.11. Axillary block postinjection. AA, axillary artery; U, ulnar nerve;
R, radial nerve; M, medial nerve; LA, local anesthetic.

musculocutaneous nerve, seeking to fill the fascial plane in
which it travels. Another 5-ml subcutaneous injection superfi-
cial to these structures blocks the intercostobrachial andmedial
brachial cutaneous nerves. This provides anesthesia to the
medial arm and improves tourniquet tolerance.

Adverse effects and complications
Pneumothorax is not a complication of brachial plexus block-
ade at the axillary level. Arterial puncture can on rare occa-
sions lead to hematoma is a possibility. Systemic toxicity and
neural injury are the most significant complications associated
with this approach. The risk of intravascular injection can be
decreased by careful aspiration and incremental injection of the
local anesthetic solution.

Distal nerve blocks of the upper extremity
Distal nerve blocks of the upper extremity can be useful after
an incomplete brachial plexus block and in situations in which
contraindications to the brachial plexus block exist. For exam-
ple, such blocks may be useful when there is infection at the
needle insertion site for a brachial plexus block and in patients
in whom complications associated with brachial plexus block
could be detrimental, such as bleeding diathesis, bilateral pro-
cedures and patients with limited pulmonary reserves.

Musculocutaneous nerve block
Themusculocutaneous nerve provides the sensory innervation
to the lateral aspect of the forearm from the elbow to the radio-
carpal joint. This nerve can be blocked by injecting 3 to 5 ml of
local anesthetic solution subcutaneously 1 cm proximal to the
intercondylar line and 1 to 2 cm lateral to the biceps tendon.

Radial nerve block
The radial nerve provides sensory innervation to the posterior
aspect of the forearm, the lateral aspect of the dorsum of the

hand, and the proximal portion of the dorsum of the thumb,
index, middle, and radial side of the ring fingers. At the elbow,
the radial nerve can be blocked by injecting 3 to 5 ml of local
anesthetic solution in a fanlike manner, approximately 2 cm
lateral to the biceps tendon on the intercondylar crease. If
paresthesia is obtained or periosteum is contacted, the needle
should be withdrawn 0.5 to 1 cm before injecting. At the
wrist, the radial nerve is blocked by injecting 2 to 3 ml of local
anesthetic solution lateral to the radial artery. In addition, a
subcutaneous wheal should be raised on the lateral and dorsal
aspect of the wrist.

Intravenous regional anesthesia (Bier block)
The upper extremity can be blocked for short procedures by
intravenous regional anesthesia, first demonstrated by August
Bier in 1908. An intravenous cannula is placed distally in the
operative limb, and the limb is elevated and exsanguinated with
a tight elastic wrap. A proximal tourniquet is then inflated
well above arterial blood pressure (typically two adjacent cuffs
are used). Local anesthetic solution is then injected via the
intravenous cannula, typically 50 ml of 0.5% lidocaine with-
out epinephrine (Fig. 60.12). Onset of anesthesia distal to the

Figure 60.12. Intravenous regional anesthesia (Bier block).
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cuff occurs within 5 to 10 minutes, making this technique
suitable for brief procedures below the elbow. If tourniquet pain
develops, the distal cuff can be inflated (over anesthetized skin)
and the proximal cuff deflated. The block is usually used for
no more than 60 to 90 minutes, although reinjection has been
described. Most authorities recommend deflation of the cuff no
sooner than 20 minutes after injection to minimize the chance
of systemic local anesthetic toxicity. Some recommenddeflation
and rapid reinflation, followed by deflation 1 to 2 minutes later
to divide the absorption of drug. The principal risk of the pro-
cedure is systemic toxicity that can be minimized by following
a careful technique. The simplicity and reliability of the block
makes it popular for simple upper extremity procedures.
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Chapter

61 Lower extremity nerve blocks
Mônica M. Sá Rêgo and Adam B. Collins

This chapter presents an overview of the anatomy and describes
the most commonly used techniques for performance of lower
extremity nerve blocks.

Lumbar plexus
The lumbar plexus (Fig. 61.1) is formed by the anterior rami
of the first four lumbar spinal nerves (L1–4) with occasional
contributions from T12 and L5. Lower-extremity nerves orig-
inating from the lumbar plexus include the femoral nerve (L2–
4), obturator nerve (L2–4), and lateral femoral cutaneus nerve
(L2–3).

Femoral nerve block
Anatomy
The femoral nerve originates from L2–4 and is the largest
nerve of the lumbar plexus. It emerges from the psoas muscle,
descending in the groove between the psoas and the iliacus. On
its course to the thigh, it remains deep to the fascia lata and
fascia iliaca, where the femoral vessels lie in a plane between
these two fascial layers. At the level of the inguinal ligament, it
lies anterior to the iliopsoas muscle and lateral to the femoral
artery. At the level of the inguinal crease, the femoral nerve is
wider and more superficial than at the level of the inguinal lig-
ament. After passing under the inguinal ligament, the femoral
nerve divides into anterior and posterior branches.The femoral
nerve supplies the sartorius, pectineus, and quadricepsmuscles;
the knee joint; the skin of the anterior andmedial thigh; and the
medial aspect of the leg (Fig. 61.2).The surface landmarks for a
femoral nerve block are the anterior superior iliac spine, pubic
tubercle, inguinal ligament, inguinal crease, and femoral artery
pulse (Fig. 61.3).

The femoral nerve is closely associated with the femoral
artery and vein but is not located in the same anatomic compart-
ment.These vessels travel in the femoral sheath, but the femoral
nerve lies over the iliopsoas muscle and is physically separated
from the vessels by the fascia iliaca.This position prevents local
anesthetic spread around the nerve if injected on the side of the
vascular bundle.ThemnemonicVAN, which describes the rela-
tionship of the femoral vein, artery, and nerve medially to lat-
erally, should be remembered (Fig. 61.4).

Technique
The patient should be supine with the leg to be blocked posi-
tioned in slight abduction. After sterile skin preparation and
draping, the skin is infiltrated with 1% lidocaine. A 22-gauge
short-bevel insulated stimulating needle is inserted at a 45◦

angle cephalad, 1 cm lateral to the femoral artery pulse just
below the inguinal crease.The peripheral nerve stimulator is set
at 1.5 to 2.0 mA. The needle is advanced slowly until upward
movement of the patella is observed. The current output is
decreased and the needle advanced until the patellar movement
is seen with a stimulation of 0.3 to 0.5 mA. After negative aspi-
ration, 20 ml of local anesthetic is injected in small increments.

The femoral nerve also may be blocked as part of the fas-
cia iliaca compartment block. A short-bevel needle is intro-
duced below the junction of the medial and lateral thirds of the
inguinal ligament and slowly advanced until two losses of resis-
tance are felt (fascia lata and fascia iliaca), then 20 to 30 ml of
the local anesthetic is injected.

If using ultrasound technology, a linear high-frequency
transducer (10–15MHz) is applied in the short axis just inferior
to the inguinal ligament (that extends from the anterior supe-
rior iliac spine to the pubic tubercle; Fig. 61.4). After identifying
the femoral vessels, the artery and vein can be distinguished by
compressionwith the transducer.The femoral vein is collapsible
under the pressure, whereas the femoral artery has pulsations.
At this level, the femoral nerve has a flattened triangular shape,
is usually hyperechoic, andmay show small fascicles (Fig. 61.5).
It lies at an angle at the junction between the hyperechoic sub-
cutaneous tissue and hypoechoic iliopsoas muscle.

Using the out-of plane (OOP) approach, a 22-gauge short-
bevel 2–3 inch needle is inserted caudal to the transducer at
a 45◦ cephalad inclination, aiming for the lateral edge of the
femoral nerve (Fig. 61.4). Two fascial pops can be appreciated
by palpation and sonogram.Thefirst is the needle traversing the
fascia lata and the second, the fascia iliaca.

For the IP approach, a longer, 22-gauge 3.5–4 inch needle
is advanced laterally to medially under real-time visualization
(Fig. 61.5). Efforts should bemade to image the tip of the needle,
not only the shaft, to avoid vascular puncture that may result
from advancing the needle too far. Short-bevel needles tend to
deform fascia and then produce significant recoil as they pierce
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Figure 61.1. The lumbar plexus.

fascial planes, requiring some redirection to achieve optimal
needle position.

After negative aspiration, 20 to 30 ml of local anesthetic
solution is injected incrementally with real-time monitoring of
the distribution of the solution (Fig. 61.6). Needle position may
have to be adjusted to produce circumferential spread.

Lateral femoral cutaneous nerve block
Lateral femoral cutaneous nerve block is used for the diagnosis
and treatment of meralgia paresthetica, and is combined with
femoral and/or sciatic nerve blocks to allow the use of a thigh
tourniquet. It also may be done to provide anesthesia on the
lateral aspect of the thigh for skin procedures.

Anatomy
The lateral femoral cutaneous (L2–3) nerve emerges along the
lateral border of the psoas muscle caudad to the ilioinguinal
nerve. It courses deep to the iliac fascia to emerge from the fascia
immediately inferior and medial to the anterior superior iliac
spine. It divides into anterior and posterior branches below the
inguinal ligament.

Technique
A short-bevel 22-gauge needle is inserted 2 cm medial and
2 cm caudal to the anterior superior iliac spine. The needle is
advanced until a pop and loss of resistance are felt as the needle
passes the fascia lata. About 10 ml of local anesthetic solution is
injected in a fanlike fashion above and below the fascia lata.
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Figure 61.2. Cutaneous distribution of the femoral nerve.

Obturator nerve block
The obturator nerve block is more often combined with the
femoral, sciatic, and lateral femoral cutaneous blocks for surg-
eries on the lower extremities. It can be used as a single nerve
block in urologic surgery to suppress the obturator reflex dur-
ing transurethral resection of lateral bladder wall, or to relieve
adductor muscle spasm.

Anatomy
Theobturator nerve (L2–4) emerges medially to the psoas mus-
cle at the pelvic brim. It runs caudad in the retroperitoneum to
the obturator canal, where it divides into anterior and poste-
rior branches. These provide sensory innervation of the medial
thigh and hip joint and motor supply to the thigh adductors.
The landmarks for this block are the anterior and superior iliac
spines, pubic tubercle, inguinal ligament, femoral artery, and
tendon of the long abductor muscle.

Technique
The block is performed at the inguinal level to facilitate its
performance and make it less uncomfortable for patients. The
inguinal fold is identified, and a line is drawn from the femoral
artery pulse to the tendon of the long adductor muscle (iden-
tified during leg abduction). A 22-gauge needle connected to
a nerve stimulator is inserted at the midpoint of the line at a
30◦ angle and directed anteriorly/posteriorly and cephalad.The
needle is advanced slowly and slightly laterally until a response
at 0.3 to 0.5 mA from the major adductor muscle is obtained.
About 10 to 15 ml of local anesthetic solution is then injected
after negative aspiration.

Sciatic nerve block
Anatomy
The sciatic nerve, the largest nerve in the body, originates from
L4–S3 in the pelvis on the anterior surface of the piriformis
muscle (Fig. 61.7). It exits the pelvis through the greater sci-
atic foramen, then descends between the greater trochanter of
the femur and the ischial tuberosity. It runs along the poste-
rior thigh to the lower part of the femur, where it splits into the
tibial and common peroneal nerves (usually 5–12 cm proximal
to the popliteal fossa crease). In the popliteal fossa, the sciatic
nerve runs slightly lateral to the midpoint between the biceps
femoris (lateral) and the semitendinosus tendons (medial),
where it lies lateral and superficial in relation to the popliteal
vessels.

The common peroneal nerve descends along the head and
neck of the fibula. Its terminal branches are the superficial and
deep peroneal nerves. The tibial nerve is larger and descends
vertically through the popliteal fossa. Its terminal branches
are the medial and lateral plantar nerves. Because the tibial
nerve has a more defined sheath, an injection of a large vol-
ume of local anesthetic in its sheath may have a higher success
rate compared with injection in the common peroneal sheath.
The cutaneous distribution of the sciatic nerve is shown in
Fig. 61.8.

Several approaches to block the sciatic nerve have been
described since Victor Pauchet first presented the sciatic nerve
block in 1920. The sciatic nerve block can be performed
via the classic approach (Labat), the subgluteal approach (di
Benedetto), the Franco approach, or the popliteal fossa distal
approach. The sciatic nerve block is indicated for major pro-
cedures below the knee, and it is usually combined with the
femoral nerve block.

Technique
Classical approach
The landmarks used for the classical approach are the greater
trochanter and the posterior superior iliac spine (Fig. 61.9a).
The patient should be in the lateral position, slightly rotated for-
ward, with the dependent leg extended and the leg to be blocked
flexed. The landmarks are marked and a line is drawn between
them. A perpendicular line is then drawn distal to the mid-
point of the above line. The needle insertion site is 4 cm dis-
tal to the midpoint (Fig. 61.9b). After sterile skin preparation
and draping, the skin is infiltrated with 1% lidocaine. A 4–6
inch needle is inserted perpendicular to all planes. The nerve
stimulator is set at 1.5 to 2.0 mA, and the needle is advanced
slowly and the current gradually reduced until twitches of the
foot are seen at 0.3 to 0.5 mA (Fig. 61.10). The sciatic nerve is
usually located at a depth of 5 to 8 cm with this approach. After
negative aspiration, 20 to 25 ml of local anesthetic solution is
injected slowly. If the aforementioned approach fails to elicit
twitches, the needle is redirected in a slightly caudal or cephalad
direction.
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Figure 61.3. Surface landmarks and technique for blockade of the femoral nerve. (A) Anatomic position of the femoral nerve. (B) Landmarks and needle
insertion point for femoral nerve block.
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Figure 61.4. Femoral block OOP approach. VAN, femoral
vein, artery, and nerve; X, needle insertion site.

A B

Figure 61.5. Femoral block IP approach. FA, femoral artery; FV, femoral vein; FN, femoral nerve; IPM, iliopsoas muscle.

Figure 61.6. Femoral nerve post injection. FA, femoral artery; FV, femoral vein; FN, femoral nerve; LA, local anesthetic.
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Figure 61.7. The sciatic nerve.

Figure 61.8. Cutaneous distribution of the branches of the
sciatic nerve.

Subgluteal approach
The subgluteal approach has the potential to decrease the dis-
comfort usually seen with the classical posterior approach.
The patient is placed at the same position as for the classical
approach.The landmarks are the greater trochanter of the femur
and the ischial tuberosity. A line is drawn between the two,
with the midpoint marked. The needle insertion point will be
4 cm caudad to the midpoint marked. The needle should be
inserted perpendicular to all planes and foot twitches noticed,
as described earlier (Fig. 61.11).

Franco approach
The Franco approach is based on the concept that the relation
of the sciatic nerve to the pelvis is similar in all adults and that
the posterior projection of the ischial tuberosity is located at
approximately the same distance from the midline. The land-
mark for this approach is the intergluteal sulcus (midline). A
point 10 cm lateral to the midline is marked, and the needle is
inserted at this point.This approach can be performed with the
patient in the lateral or prone position.The rest of the technique
is similar to the classical approach.

Popliteal fossa approach (posterior and lateral)
The popliteal fossa block is used primarily for foot and ankle
surgery and postoperative pain control. The analgesia provided
by popliteal fossa blocks lasts longer than that of ankle blocks.
The popliteal fossa block can be performed through a poste-
rior or lateral approach, and it can be done as a single injec-
tion or continuous technique. Both approaches are discussed
below.

Posterior approach
The patient should be in the prone position, and the foot to be
blocked should be either protruding from the end of the bed
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A 

B

Figure 61.9. Posterior (classical Labat) approach
to sciatic nerve block. (A) Landmarks. (B) Point of
needle insertion.

Figure 61.10. Movements observed when stimulating branches of the sciatic nerve.
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A 

B

Figure 61.11. Subgluteal approach to sciatic
nerve block. (A) Landmarks. (B) Point of needle
insertion.

or slightly elevated, to allow for observation of foot movement.
The landmarks are the popliteal fossa crease, the tendon of the
biceps femoris laterally, and the tendons of the semitendinosus
and semimembranosusmedially.The patient is asked to flex the
knee to facilitate visualization of the tendons. The point of nee-
dle insertion is marked at 7 to 9 cm above the popliteal fossa
crease, at the midpoint between the tendons (Fig. 61.12).

Under sterile technique and skin infiltration with 1% lido-
caine, a 22-gauge stimulating needle is inserted and directed
proximally at a 45◦ angle. This should not result in local

muscular twitches. The stimulating current is decreased from
1.5 to 2.0 mA until foot twitches are observed at 0.3 to 0.5 mA,
usually at 3 to 5 cm from the skin (Fig 61.10b). After nega-
tive aspiration, 30 ml of local anesthetic is injected. Injection of
local anesthetic after stimulation of the tibial nerve is preferred,
because it may result in a higher success rate.

The continuous popliteal block technique is similar to the
aforementioned technique, but a 17-gauge Touhy type needle
is used to allow insertion of a catheter. The catheter should
be inserted 5 to 10 cm beyond the skin. Popliteal catheters
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Figure 61.12. Popliteal block OOP approach. X, needle insertion site.

A B

Figure 61.13. Popliteal block IP approach. PA, popliteal artery; TN, tibial nerve; CPN, common peroneal nerve; BFM, biceps femoris muscle.
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Figure 61.14. Popliteal block post injection. TN, tibial nerve; CPN, common peroneal nerve; LA, local anesthetic.

have been used successfully to manage postoperative pain after
lower-extremity orthopedic procedures.

When this block is performed with the use of ultrasound
imaging, the patient is positioned prone, as described above,
for the OOP approach. After patient preparation, a linear
high-frequency transducer (10–15 MHz) is applied in short
axis slightly above the popliteal crease (Fig. 61.13). Once the
popliteal artery is identified, the tibial nerve usually lies just
superficial and can be traced retrograde until it joins with the
common peroneal nerve, at the point of the bifurcation of the
sciatic nerve (Fig. 61.13). Sliding and tilting the transducer tend
to make the bifurcation more evident, as the operator can see
one structure becoming two. This is usually the best location
to perform a successful conduction block, because the proxi-
mal sciatic nerve is usually deeper andmore encased in muscle,
making it harder to imagewell. A 22-gauge short-bevel 2–3 inch
needle is inserted with a 45◦ cephalad angulation and slowly

advanced as the transducer is manipulated to seek the needle
tip position.

Lateral approach
The lateral approach usually is used when the patient cannot be
placed in the prone position.Thepatient should be in the supine
position with the foot to be blocked elevated to allow visualiza-
tion of foot movement.The landmarks for this approach are the
popliteal fossa crease, the vastus lateralis muscle, and the biceps
femoris muscle. Under sterile technique, the needle is inserted
in the groove between the vastus lateralis and biceps femoris
muscle, about 10 cm above the popliteal crease. The needle is
advanced perpendicular to skin until it contacts the femur, then
it is withdrawn and redirected at a 30◦ angle posteriorly until
foot twitches (depth of 5–7 cm) are observed, as with the pos-
terior approach. The IP approach with the use of ultrasound
imaging has the advantage of allowing the patient to remain
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A

B

Figure 61.15. Innervation of the foot. (A)
Anatomy of the five nerves innervating the foot. (B)
Cutaneous distribution of the nerves of the foot.

supine. The ipsilateral leg is elevated on a lift or suspended by
a sling to allow enough space beneath the thigh for the ultra-
sound probe. A 20- or 22-gauge 3–4 inch needle is introduced
using landmarks as described above (Fig. 61.13). The needle is
advanced under real-time visualization, adjusting the angle and
position of the transducer to image the needle shaft and tip.
Either the entire sciatic nerve or the tibial and common per-
oneal components should show local anesthetic spreading cir-
cumferentially, with approximately 30ml of solution (Fig. 61.13
and Fig. 61.14).

The popliteal nerve block, in combination with a saphenous
nerve block, provides anesthesia andpostoperative analgesia for
foot and ankle procedures.The saphenous nerve can be blocked

just above or below the anterior and medial aspect of the knee
or by performing a femoral nerve block.

Ankle block
The ankle block is indicated for distal foot surgery, the most
common being surgery for the diabetic foot and for bunion
surgery. It is commonly done with landmarks alone, but
ultrasound can help identify many of the nerves and improve
success rates.

Anatomy
There are five peripheral nerves that innervate the foot (Fig.
61.15). The saphenous nerve is a branch of the femoral nerve
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Figure 61.16. Injection sites for ankle block.

and supplies the medial aspect of the foot and ankle. The other
four nerves are branches of the sciatic nerve. The sural nerve
originates from the tibial nerve and the communicating super-
ficial peroneal branches, and innervates the lateral aspect of
the foot. The deep peroneal and superficial peroneal nerves are
branches of the common peroneal nerve and innervate the area
between the first and second toes and the dorsal aspect of the
foot, respectively. The posterior tibial nerve supplies the lower
and posterior surface of the heel and the plantar aspect of the
foot.

Technique
Theblock ismost easily performedwith the patient supine, with
the foot to be blocked elevated on a support (Fig. 61.16). The
landmarks are the medial and lateral malleoli, the Achilles ten-
don, the extensor hallucis longus tendon, and the tibial and dor-
salis pedis pulses.

The tibial nerve is blocked posterior to the medial
malleolus. A 22-gauge needle is inserted posterior to the
posterior tibial artery pulse, and 5ml of local anesthetic solution
is injected. The deep peroneal nerve is blocked with an injec-
tion of 5 ml of local anesthetic solution immediately lateral to

the extensor hallucis longus tendon (have the patient extend
the great toe) deep to the retinaculum. The saphenous, sural,
and superficial peroneal nerves are blocked at the level of the
malleoli with a subcutaneous injection of 10 to 15 ml of local
anesthetic solution in a circumferential line between the two
malleoli.

It is advisable to block all five nerves, as there are varia-
tions in the dermatomal nerve supply. Epinephrine should not
be used with the local anesthetic for ankle blocks because of the
risk of causing ischemia in the foot.
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62 Fluid replacement
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Despite the fact that fluid replacement therapy is one of the
most fundamental elements of the anesthetic and critical care of
patients, it remains one of the most difficult. Because of a lack
of clear data there are no precise rules for the amount, timing,
or type (crystalloid vs. colloid or which type of either) of fluid
replacement, nor for the hematocrit target for RBC replace-
ment. To further complicate the issue it is not clear on which
monitoring parameter the volume given should be based, espe-
cially if invasive monitoring is not used.

Fluid compartments
Understanding the general composition of the fluid compart-
ment is the first step in the optimal management of fluids,
electrolytes, and acid–base status in the operative and criti-
cally ill patient. The multiple fluid compartments are separated
by semipermeable membranes through which water can move
freely. The total body water (TBW) ranges from 50% (females)
to 60% (males) of bodymass, is distributed differentially among
body tissues (Table 62.1), and is divided into the following
compartments:

� Intracellular water is approximately 66% of the TBW
(40% of the body mass)

� Extracellular water is approximately 34% of the TBW
(20% of the body mass) and can be further divided:

� Intravascular water is made up of plasma and is
approximately 8% of TBW (5% of the body mass)

Table 62.1. Content of water in various organs of the human body

Organ Distribution,%

Vessel-rich organs
Heart 79
Brain 75
Lungs 79
Liver 68
Kidney 83

Vessel intermediate-rich organ/tissue
Muscle 75
Skin 72

Vessel-poor organ/tissue
Adipose tissue 10

� Extravascular water is composed of lymph, interstitial
fluid, bone fluid, fluids of the various body cavities, and
mucosal secretory fluids, and represents approximately
25% of TBW (15% of the body mass)

Movement of water is determined by osmotic and hydro-
static pressure differences.Themovement ofwater directly from
tissue into the vasculature and the control of the flux by the rela-
tive hydrostatic and osmotic pressures in the two compartments
was originally hypothesized by Ernest Starling in 1896 and is
referred to as the Starling principle:

Qf = Kf[(Pc − Pi) − �(�c − �i)],

where Qf = fluid flux across the capillary membrane; Kf = a
constant; Pc − Pi = the difference between the hydrostatic pres-
sures in the capillary and in the interstitium; �c − �i = the
difference between the osmotic pressures in the capillary and
in the interstitium; and � = the reflection coefficient, which
describes the permeability of a substance through a specific cap-
illary membrane. Values range from 0 (completely permeable)
to 1 (impermeable) in healthy tissue; reflection coefficients typ-
ically approximate 0.7.

Oncotic pressure (osmotic pressure in the intravascular
compartment) is the result of negatively charged intravascular
proteins to which vascularmembranes are impermeable or pos-
itive ions that are associated with the negatively charged pro-
teins. Albumin is the protein mainly responsible for the oncotic
pressure (two-thirds of the total).

Clinical evaluation of fluid status
One goal of the evaluation is to determine the presence of
hypovolemia or hypervolemia before the surgical procedure
begins. Patients presenting in septic shock, those whomay have
undergone a bowel preparation preoperatively, or those who
are otherwise physiologically deranged may be hypovolemic.
Both hypovolemia and hypervolemia are associated with signif-
icant risks. Signs of hypo- and hypervolemia are summarized in
Tables 62.2 and 62.3.

In addition, certain laboratory values, while very nonspe-
cific, may help in assessment of volume status. For example,
a high hematocrit, or plasma [Na+] may indicate a total body
water deficit. A high blood urea nitrogen, a base deficit, a low
mixed venous PO2, or urine output may indicate an inadequate
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Table 62.2. Signs and symptoms of hypovolemia

Signs Fluid loss (percentage of body weight)

5% 10% 15%

Mucous membrane Dry Very dry Parched

Sensorium Normal Lethargic Obtunded

Orthostatic changes None Present Marked
Heart rate >15 bpm ↑
Blood pressure >10 mm Hg ↓

Urinary flow rate Mildly decreased Decreased Markedly decreased

Pulse rate Normal or increased Increased > 100 bpm Markedly increased > 120 bpm

Blood pressure Normal Mildly decreased with
respiratory variation

Decreased

cardiac output. A low central venous or pulmonary artery pres-
sure, and a high pulse rate suggest inadequate intravascular
volume. In addition, indirect signs, such as the response of
blood pressure to changes in patient positioning or positive-
pressure ventilation, the change in stroke volume to positive-
pressure ventilation or the vasodilating or negative inotropic
effects of anesthetics, may aid in the assessment of volume sta-
tus. Although it is true that all the above signs may be help-
ful in the aggregate and when combined with other findings, it
must be remembered that they are nonspecific and are altered
by drugs used in the perioperative period and the physiologic
effects of surgical stress.

Fluid therapy
Perioperative fluid therapy includes the replacement of:
� Preexisting fluid deficits
� Normal losses (maintenance requirements)
� Surgical wound losses (including blood losses)

Evaluation of preexisting fluid deficit
The constitutive daily losses of water and electrolytes are usu-
ally replaced by a maintenance fluid intake, calculated accord-
ing to the data listed in Tables 62.4 and 62.5. Calculation of esti-
mated hourly fluid needs is shown in Table 62.6. Preoperative
fluid deficits should also take into account fluid deficits due to
the conditions listed in Table 62.7.

Electrolytes are usually replaced by administration of salt
solutions. Although intraoperative glucose replacement is not
routinely recommended, the protein-sparing effect of par-
enteral glucose is one of the goals of basic glucose intravenous

Table 62.3. Signs and symptoms of hypervolemia

Early signs Late signs

Pitting edema – presacral in the
bedridden patient or pretibial in the
ambulatory patient

Tachycardia

Increased urinary flow Pulmonary crackles, wheezing,
cyanosis, and pink, frothy
pulmonary secretions

Table 62.4. Daily water loss

Insensible water losses
Normal losses by skin and lungs: 600–800 ml/d

Sensible water losses
From kidney and gastrointestinal tract: 1700 ml/d

Table 62.5. Daily requirements of electrolyte and glucose

Electrolyte and glucose Daily requirement

Na+ 1–2 mEq/kg/day
Cl− 1–1.5 mEq/kg/day
K+ 1–1.5 mEq/kg/day
Glucose 100–200 mg/kg/h

Table 62.6. Hourly maintenance fluid replacement (based on body
weight)

Body weight Fluid

0–10 kg 4 ml/kg/h
For the next 11–20 kg Add 2 ml/kg/h
For each kg above 20 kg Add 1 ml/kg/h for each kg above 20 kg

therapy in critically ill patients. Administration of at least
100 g/d of glucose reduces protein loss bymore than one half. As
a caloric source supplement, glucose intake should range from
100 to 200 mg/kg/h.

Table 62.7. Fluid losses in various clinical situations

Abnormal fluid losses
Preoperative bleeding
Vomiting
Diuresis

Occult losses
Traumatized tissues
Infected tissues
Ascites

Increased insensible losses due to
Hyperventilation
Fever
Sweating
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Table 62.8. Classical procedural classification of redistribution and
evaporative surgical fluid

Scale of surgery Additional fluid reguirement

Minimal (herniorrhaphy) 1–2 ml/kg
Moderate (appendectomy) 2–4 ml/kg
Severe (colectomy) 4–8 ml/kg

Maintenance requirements
Patients often present for surgery after an overnight fast without
any fluid intake. This does not reduce blood volume. The pre-
sumed fluid deficit is proportional to the duration of the fast.
This deficit can be estimated by multiplying the normal main-
tenance rate as shown in Table 62.6 by the length of the fasting
period.

For example, for the average 70-kg person fasting for
8 hours, this amounts to (40+ 20+ 50) ml/h× 8 hours, or 880
ml. (In reality, this deficit will be significantly less as a result of
normal renal conservation, though replacement of this amount
is routine in practice.) Ideally, all deficits should be replaced pre-
operatively in all patients. The fluids used should be similar in
composition to the fluids lost. With fever, each degree above
98.6◦F (37◦C) requires one to add 2.5 ml/kg/d for an increase
in insensible losses. It should be realized, however, that crystal-
loids are physiologically distributed over the entire extracellular
space.This implies that up to 80% of the fluid administered will
leave the intravascular compartment (over a time course on the
order of 30 minutes). However, the final distribution of the flu-
ids will depend somewhat on the state of intravascular volume
when it was given.

Surgical fluid losses
Evaporative and redistributive losses
Intraoperative fluid losses are mainly the result of evaporation
and internal redistribution of body fluids. Evaporative losses
classically have been assumed to be directly proportional to the
surface area of the exposed surgical wound and the duration
of the surgical procedure, leading to gross overestimation of
intraoperative fluid requirements and overhydration. Experi-
ments using humidity chambers indicate that evaporative losses

in adults undergoing extensive abdominal procedures merely
increase to about 1 ml/kg/h.

Redistribution appears to be related to the extent of sur-
gical trauma (Table 62.8). Internal redistribution of fluids is
often called “third spacing” because large amounts of fluid
are sequestered into the interstitial space or translocated into
anatomic spaces, such as the bowel lumen. This occurs with
burns, extensive injuries, surgical dissections, or peritonitis but
is also directly proportional to the amount of fluids infused.
Lastly, significant losses of lymphatic fluid may occur during
extensive retroperitoneal dissections.

Blood loss
Monitoring and estimating blood loss (Table 62.9) is important
for guiding fluid therapy and blood product transfusions. Selec-
tion of the type of intravenous solution depends on the surgical
procedure and the expected blood loss:

� Minimal blood loss and fluid shifts: maintenance solutions
� All other procedures: lactated Ringer’s solution

Fluid replacement therapy
Fluid replacement therapy should optimize cardiac preload and
ensure adequate tissue oxygenation. It may consist of infusions
of crystalloids, colloids, or a combination of both. The correct
choice of fluid replacement therapy depends on the source and
type of fluid that has been lost. In practice it is not knownwhere
the losses come from or their composition. Therefore, typically
half-normal solutions are sometimes preferred for replacement
of insensible losses and isotonic fluids (normal saline, lactated
Ringer’s or colloids) are preferred for all other deficits.

Crystalloid solutions
Crystalloid solutions are electrolyte solutions of low molecu-
lar weight ions (salts) dissolved in water, with or without glu-
cose (Table 62.10). These solutions may be isotonic, hypotonic,
or hypertonic. Crystalloid solutions are very inexpensive. They
rapidly equilibrate with and distribute in the extracellular fluid
space, expanding the interstitial space more than the intravas-
cular volume.

Table 62.9. Methods for estimating blood losses

Empiric measurements Laboratory

Measurement of blood in the surgical suction container (adjusted to account Serial hematocrit or hemoglobin may be useful during long procedures or
for the volume of irrigating solutions) when estimates are difficult (their concentrations reflect the ratio of blood

cells to plasma, not necessarily blood loss; rapid fluid shifts and intravenous
Visual estimation of the blood on surgical sponges and laparotomy pads (“laps”): replacement affect measurements)

Fully soaked sponge (4 × 4) holds 10 ml of blood
Soaked “lap” holds 100–150 ml of blood (the size of laparotomy pads may

vary considerable among institutions)

More accurate estimates are possible if sponges and laparotomy pads are
weighed before and after use. This is especially important when large numbers
are used or, for example, in pediatric patients.
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Table 62.10. Types and composition of crystalloid solutions

Solution Na,mEq/L Cl,mEq/L K,mEq/L Ca,mEq/L Other Osmolarity

D5W 0 0 0 0 Glucose 5 g/L 253
D5 0.45% NaCl 77 77 0 0 Glucose 5 g/L 432
0.9% NaCl 154 154 0 0 308
7.5% NaCl 1283 1283 0 0 1786
Lactated Ringer’s 130 109 4 3 Lactate 28 mEq/L 273
Plasma-lyte 140 98 5 0 Acetate 27 mEq/L

Gluconate 23 mEq/L
Mg 3 mEq/L

294

D5W, 5% dextrose in water.

Crystalloids are used for maintenance and usually for the
initial resuscitation fluid in the operative setting. Because
administration of large amounts of saline often leads to a
metabolic acidosis due to hyperchloremia, lactated Ringer’s is
themost common choice. In selecting between lactated Ringer’s
and saline, the patient’s sodium-to-chloride ratio and the acid–
base balance should be considered. Lactated Ringer’s solution
contains potassium and should be used with caution in patients
with hyperkalemia or renal failure. Because they contain cal-
cium, Ringer’s solutions should not be used to dilute citrated
blood products.

Colloid solutions
Colloid solutions contain high molecular weight substances,
such as proteins and large glucose polymers dissolved in a solute
(Table 62.11). Most colloid solutions are dissolved in isotonic
saline but are available also as isotonic glucose and nonglu-
cose solutions, as well as hypertonic saline solutions. For the
most part, in healthy patients they remain intravascular and

Table 62.11. Types of colloids

Dextrose starches (dextran) – improves blood flow in the microcirculation
by decreasing blood viscosity

Dextran 70 (Macrodex; Pharmacia, Piscataway, NJ) – average molecular
weight of 70,000

Dextran 40 (Rheomacrodex; Pharmacia) – average molecular weight of
40,000
Dose: shock – 10 ml/kg infused rapidly; 20 ml/kg maximum 1st 24 h;
10 ml/kg maximum beyond 24 h

First-generation HES: hetastarch – 6% solution with an average molecular
weight of 450,000 Da, molar substitution 0.7, C2/C6 ratio 6:1
Dose: volume expansion – 500–1000 ml (1500 ml/d maximum,
20 ml/kg/h rate)

Second-generation HES: pentastarch – 6% solution with average molecular
weight of 264,000 Da, molar substitution 0.45, C2/C6 ratio 5:1
Dose: volume expansion: 500–2000 ml (2000 ml/d maximum,
20 ml/kg/h rate)

HES 130/0.4 (Voluven; Fresenius Kabi, Bad Hmburg, Germany): 6% solution
with mean molecular weight 130,000 Da, molar substitution 0.4,
C2/C6 ratio 9:1
Dose: volume expansion: 500–2000 ml (3500 ml/d maximum,
20 ml/kg/h rate)

HES, hydroxyethyl starch.

help maintain the oncotic pressure. Although the intravascu-
lar half-life of a crystalloid solution is 30 minute to 1.5 hours,
most colloid solutions have intravascular half-lives of 4 to
6 hours. Colloid solutions should be used cautiously in patients
with bleeding disorders, congestive heart failure, or renal dis-
ease with oliguria or anuria. The primary difference between
Hetastarch and Pentastarch is that the latter has less variabil-
ity in molecular size in addition to having a smaller average
molecular size.The largermolecules contained inHetastarch, of
several million daltons and higher, are taken up by phagocytes
in the reticuloendothelial system and are never metabolized or
excreted.That is why the limit of units of Hetastarch is a lifetime
limit. A reasonable molecular analogy is asbestos. Despite the-
oretical advantages and some demonstrated physiologic bene-
fits in a few small studies, several large, multicenter randomized
and observational cohort trials have failed to demonstrate any
outcome advantage from colloid solutions over crystalloids.

Moreover, the substantial cost of colloids ($44 for 250 ml
of 5% albumin and $21 for 500 ml of 6% hetastarch, versus
$1.10 for 1000ml of normal saline and lactatedRinger’s solution
and $1.75 for 5% dextrose in water and 5% glucose) and occa-
sional complications (rare but severe allergic reactions, alter-
ation in the anticoagulative pattern) associated with colloids
tend to limit their use (Table 62.12).

Several types of colloid solutions are available for clinical
use, including:
� Blood-derived colloids: albumin (5% and 25% solutions)

and plasma protein fraction (5%). (Plasma protein fraction

Table 62.12. Adverse effects associated with colloids

Colloid Adverse effects

Dextran Antiplatelet effect (decreased aggregation), prolonged
bleeding time, interference with blood typing, allergic
reactions, renal failure

Hetastarch High doses (>1 L) may cause coagulation abnormalities
(reduction in factor VIII and vWF, prolonged PTT)
Newer formulations – i.e. third-generation HES 130/0.4
(Voluven; Fresenius Kabi, Bad Homburg, Germany) show
improved safety profiles due to lower molecular size

Albumin Expensive; relatively short intravenous half-life

HES, hydroxyethyl starch; PTT, partial thromboplastin time; vWF, von
Willebrand factor.

386



Chapter 62 – Fluid Replacement

contains �- and �-globulins in addition to albumin and
may lead to allergic, hypotensive reactions.)

� Synthetic colloids: dextrose starches and gelatins (Table
62.11). Gelatins are associated with histamine-mediated
allergic reactions and are not available in the United States.
Although isotonic saline and colloid-containing solutions

both have been used to replace extracellular fluid deficits, con-
troversy exists regarding the use of colloid versus crystalloid
fluids for fluid resuscitation. There are two possible theoretical
advantages of a colloid-containing solution over fluid repletion
with saline:
� More rapid plasma volume expansion, because the colloid

solution remains in the vascular space (replacing an
intravascular volume deficit with crystalloids generally
requires three to four times the volume needed when
compared with colloids)

� Less risk of pulmonary edema, because dilutional
hypoalbuminemia will not occur
However, as noted earlier, randomized controlled trials

and systematic meta-analyses have failed to demonstrate any
advantage in terms of pulmonary complications or survival for
using colloid-containing solutions. Crystalloid (usually lactated
Ringer’s if large volumes are given quickly) solutions are there-
fore generally preferred. The solutions seem to be at least as
safe and effective as colloid-containing solutions while cost-
ing much less. At the same time, it is important to keep in
mind that rapid administration of large amounts of crystalloids
(�4–5 L) is associated with significant tissue edema. Marked
tissue edema may impair oxygen transport, tissue healing, and
return of bowel function following major surgery.

Blood replacement therapy
Blood loss should be replaced with crystalloid or colloid
solutions to maintain intravascular volume (normovolemia)

until the danger of anemia outweighs the risks of transfu-
sion. Transfusion therapy is discussed in Chapters 66, 67,
and 68.
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Chapter

63 Acid–base balance in anesthesia
and intensive caremedicine
George P. Topulos

Despite the fact that they are both common and important in
the perioperative period and in intensive care, acid–base disor-
ders are a source of considerable confusion.The imbalance itself
is usually only important as a sign that something is wrong. It
is the nature of the underlying cause of the acid–base imbal-
ance that principally determines the patient’s prognosis and the
nature of appropriate therapy. This chapter focuses on the pri-
mary causes of acid–base abnormalities, not on the abnormal
[H+]a or pH. Imagine two patients, one with an acidemia due
to hyperchloremia, another with the same degree of acidemia
due to shock-induced lactic acidosis. The first patient is much
more likely to do well than the second, and they will need
very different therapies. Determining the underlying cause of
the acid–base imbalance is the key to successful care of the
patient. Although it is true that if an acid–base disorder results
in a large-enough change in [H+] or pH (pH � 7.2 or �7.6)
it can cause secondary problems due to protein dysfunction
(cardiac arrhythmias, vasoconstriction, or dilation), these sec-
ondary problems are uncommon (Adrogue 1998a and b).

Respiratory acid–base disturbances are easy to understand
and treat. High partial pressure of carbon dioxide (PCO2) is
caused by inadequate alveolar ventilation and results in an aci-
dosis. Low PCO2 is caused by excessive alveolar ventilation
and results in an alkalosis. Short-term therapy is directed at
restoring alveolar ventilation toward normal and ensuring ade-
quate oxygenation, often with the use of mechanical ventilation
and/or supplemental oxygen. Long-term therapy is directed
toward correcting the underlying problem.

It is more difficult to determine the cause and magnitude of
nonrespiratory (metabolic) acid–base disturbances. The most
important causes of nonrespiratory acid–base disturbances are
electrolyte disturbances (Na, Cl), increased organic acids (lac-
tic acid, keto acids), ingested toxins (methanol, ethylene glycol,
aspirin), and renal failure (sulfates and phosphates). The most
commonly taught methods of acid–base analysis have been the
bicarbonate/anion gap (AG) approach, and the base excess/base
deficit (BE) approach. More recently, Stewart applied basic
physical–chemical principles to acid–base analysis (Stewart
1978, 1981, 1983). Practical clinical applications of Stewart’s
findings were developed first by Fencl and colleagues (Fencl

a Throughout the chapter, brackets indicate concentrations, that is [x] = the
concentration of x, in milliequivalents per liter unless otherwise noted.

2000, 1993) and later by others (Kellum 2000, 1998, 1995). The
Stewart–Fencl method is finding increasing use, especially in
anesthesiology, surgery, and critical care. Inmedicine, consider-
able debate continues among members of the different schools,
but in other scientific fields physical–chemical methods are
used without debate (Kleypas 2006). The author believes the
Stewart–Fencl method is the most effective, as well as the eas-
iest to understand and implement, and is emphasized here. As
the chapter proceeds, we also note how the AG and BEmethods
could be applied.

We begin by listing the components of normal plasma
important in acid–base physiology and their concentrations
(Fig. 63.1). This representation is called a gamblegram, and it
is a useful tool for understanding nonrespiratory acid–base

Cations Anions

Unidentified
anions ~ 5

Sulfates
Lactate acid
Keto-acids
Toxins

HCO3- = 24

Alb- = 12.4
Pi- = 2.2

Cl- = 103

Na+ = 140

K+ = 4.3

H+ = 4.3*10-5

Ca+2 = 2.5
Mg+2 = 2

OH- = 1.0*10-3 

SID = 39

Figure 63.1. Gamblegram for normal plasma. All concentrations are in
milliequivalents per liter. Weak ions are in blue italics, strong ions are in black,
and water dissociation products are in bolded blue. The height of individual
rectangles is proportional to the concentration of the substances within it.
Because all solutions must be electrically neutral, the total height of the right
and left columns must be equal.
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balance. Anions are shown on the right and cations on the
left. Throughout the chapter, all ion concentrations are in mil-
liequivalents per liter to account for the valence of all ions, and
to make the relative concentrations clear.The height of individ-
ual rectangles is proportional to the concentration of the sub-
stances within them. Because all solutions must be electrically
neutral, the total height of the right and left columns must be
equal ( all cations =  all anions). Not shown in the diagram
is water, which is present in a very high concentration [H2O]=
5.55∗104 mEq/L, more than seven orders of magnitude greater
than that of either [H+] or [OH−].

We then group the components into weak ions, strong ions,
and water and its dissociation products.

Weak ions (shown in blue italics in Fig. 63.1) are incom-
pletely dissociated at physiologic pH. They include the
dissociation products of the CO2 – H2O system [HCO3

−] = 24
mEq/L and [CO3

−2] = 3.7∗10−2 mEq/L, charges on albumin
[Alb−] = 12.7 mEq/L, and inorganic phosphate [Pi−] = 2.2
mEq/L. The degree of dissociation of each weak ion depends
on the net pH of the solution and the dissociation constant
for that weak ion. Importantly, the net pH of the solution is
determined by other independent factors, discussed later. The
Henderson–Hasselbalch equation describes the dissociation of
carbonic acid into bicarbonate and a hydrogen ion:

pH = pK + log
[
HCO−

3
]

S ∗ PCO2
,

where K is the dissociation constant for carbonic acid, and S is
the solubility of CO2.

The equation’s name honors the seminal contributions of
Henderson andHasselbalch. Similar equations describe the dis-
sociation of bicarbonate into carbonate, albumin to [Alb−], and
inorganic phosphate to [Pi

−]. It is important to note that the
Henderson–Hasselbalch equation describes the pH-dependent
dissociation of carbonic acid into bicarbonate. That is, if we
know the values of any two of the three variables (pH, [HCO3

−],
PCO2) we can use the equation to calculate the third value.
However, the Henderson–Hasselbalch equation alone cannot
demonstrate the cause of acid–base imbalance because other
factors to be discussed later, which are not present in the disso-
ciation equations, play a key role.Wemust be careful not to con-
fuse a descriptive equationwith one that demonstrates causality.

We might ask ourselves, “What are the dissociation equa-
tions for NaCl, or lactic acid or keto acids, equivalent to those
just discussed?”We do not need to calculate the degree of disso-
ciation of these and other species in the second group, the strong
ions (shown in black in Fig. 63.1), because they are completely
dissociated (�99.9%) at all physiologic pH levels. The normal
concentrationsb of the strong ions [Na+] = 140, [K+] = 4.3,
[Ca+2] = 2.5, [Mg+2] = 2, and [Cl−] = 103 (all mEq/L), the
electrolytes, are all commonly measured in patients. The con-
centrations of the strong ions lactic acid, keto acids, and sulfate
are each normally less than 1 mEq/L, and their concentrations
are often unmeasured; ingested toxins (e.g., methanol, ethylene

b Units and normal values vary according to institution.

glycol, aspirin) also generate strong ions.The organic acids and
toxins are often referred to as unknown anions (UA), a group
that also includes species that are truly unknown.

Because for acid–base calculations all strong ions have the
same effect, their concentrations are summarized as the strong
ion difference, [SID] =  [strong cations] –  [strong anions].
Note that the concentrations of strong ions may be changed by
adding or removing the ion or by adding or removing water.
The SID is the same as the “buffer base” of Singer and Hast-
ings. The change in the SID from its normal value of about
39 mEq/L is numerically equivalent to the base excess (normal
BE= 0mEq/L), the amount of strong acid or base inmilliequiv-
alents per liter that would be required to titrate the pH of a sam-
ple of blood to 7.40 while the PCO2 is held at 40mmHg and the
temperature at 37◦C. Because base excess is measured with the
PCO2 held at its normal value of 40 mm Hg, it reflects the sum
of all nonrespiratory acid–base disturbances.

Water and its dissociation products (shown in bolded blue
in Fig. 63.1) are the third group. Water is present in a very high
concentration ([H2O]= 5.55∗104 mEq/L) and only very slightly
dissociated, [H+]=4∗10−5 and[OH−]=1.1∗10−3mEq/L.c How-
ever, although they are small, the concentrations of water’s dis-
sociation products ([H+] and [OH−]) are critically important.
Because the [H2O] is more than seven orders of magnitude
greater than that of either [H+] or [OH−], it may be consider-
ed a constant, and thedissociation equationmaybe simplified to
[H+]∗[OH−]=K′

w,whereK′
w isatemperature-dependentcons-

tant. Because at a fixed temperature, [H+]∗[OH−]= a constant,
if the concentration of one increases the other must decrease.

The complete development of Stewart’s ideas is beyond the
scope of this chapter; detailed reviews are presented elsewhere
(Fencl 2000, 1993, Stewart 1981, 1983). Here, we present the
principles on which the analysis is based and its major conclu-
sions.We have just described the constituents of plasma impor-
tant in acid–base physiology. To this system, Stewart applied
three rules: (1) Conservation of mass, that is, the total amount
of Na, H, albumin, or other entity is fixed unless some is added
to or removed from the system. Note that although the total
amount of H is fixed, it may exist in the form of H2O, HCO3

−,
H+, and so on. Similarly, the total amount of albumin is fixed,
but the amount ionized, Alb−, will vary. (2) All solutions must
be electrically neutral, that is, the sum of all the positively
charged ions must equal the sum of all the negatively charged
ions. (3) The dissociation equilibria, described earlier, of all
weak ions, and water, must be met simultaneously and at all
times.

Stewart’s analysis (not presented here) showed that three
independent variables (i.e., causative factors) determine acid–
base balance:
1. PCO2
2. Total concentration (ionized + nonionized) of weak anions

[Atot], which in plasma is made up of albumin [Albtot] and
inorganic phosphate [Pitot]

c [H+] = 4∗10−5 mEq/L = 4∗10−8 Eq/L, the –log of which yields the familiar
plasma pH = 7.40.
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3. Strong ion difference ([SID] =  [strong cations] –
 [strong anions])

All the other acid–base variables (pH, [H+], [OH−], [HCO3
−],

[CO3
−−], [Alb−], [Pi−], etc.) are dependent variables (things

that change with but do not cause acid–base disturbances), the
values of which depend on the values of the three independent
variables.

To summarize all the preceding information: We care about
the underlying causes of acid–base abnormalities; abnormal
[H+] or pH is merely a sign that something is wrong. All acid–
base abnormalities must be the result of an abnormal value of
one or more of the three independent variables: PCO2, strong
ion difference, and total weak anion (albumin and phosphate)
concentration. Abnormalities of dependent variables are signs,
not causes, of acid–base disturbances. If we want to change
the acid–base status, we must change one or more of the inde-
pendent variables. Next, we describe how to use the gamble-
gram as a tool, then examine each of the three independent
causes of acid–base abnormalities; we conclude the chapterwith
a straightforward method for implementing this analysis in
practice.

We use the gamblegram (Fig. 63.1) whenever we consider
nonrespiratory (metabolic) acid–base balance – that is, the total
concentration ofweak anions and SID. Because the components
of plasma important in acid–base physiology are represented in
the diagram, it serves to remind us of all the factors we need to
evaluate. In addition, it allows us a straightforward qualitative
understanding of which dependent variables will change and in
what direction after a change in an independent variable. Recall
the following to make maximum use of the gamblegram:

1. Electrical neutrality requires that the sum of all cations
equal the sum of all anions. The total height of the left and
right columns must be the equal. However, remember that
the sum of strong cations does not equal the sum of strong
anions. In fact, normally the strong ion difference =
([Na+] + [K+] + [Ca++] + [Mg++]) – ([UA−] + [Cl−]) ≈
39 mEq/L. The independent variable [SID] is determined
by the concentration of strong ions. The [SID] is “filled in
by” (but not determined by) the weak ions [HCO3

−] +
[Alb−] + [Pi−], which change their ionized fractions to
maintain electrical neutrality. That is, the sum of the weak
anions [HCO3

−] + [Alb−] + [Pi−] must equal the true
SID.d We use this fact later to estimate the concentration of
unknown ions, which cannot be measured directly.

2. Clinically, we measure and control the total [Pitot] and
[Albtot] (independent variables), but only the charged [Pi−]
and [Alb−] (dependent variables) appear in the
gamblegram.The values of [Pi−] and [Alb−] depend
strongly on [Pitot] and [Albtot] and their dissociation
constants, but only weakly on the net pH of the system.

d For these calculations, the [CO3
−2], [OH−], and [H+] are so small they can

be ignored.

Therefore, for clinical purposes, the concentrations [Pi−]
and [Alb−] are taken to be proportional to [Pitot] and
[Albtot], respectively (Fencl 2000) (see Appendix 1).

3. As the PCO2 increases, [H+] and [HCO3
−] also increase.

Surprisingly, as PCO2 increases, the [CO3
−2] falls.

4. Because at constant temperature, [H+]∗[OH−] = constant,
if one goes up the other must go down. At concentrations
of [H+] = 4∗10−5 and [OH−] = 1.1∗10−3 mEq/L, neither
can increase or decrease enough to make significant
contributions to maintaining electrical neutrality. The
same is true of carbonate.

Examples using the gamblegram
Example 1: an isolated increase in [Na+]
The left column has gotten taller and so must the right column
(Fig. 63.2a). Neither the concentrations of unidentified strong
ions [UA−] nor those of [Cl−] can increase, because we have
not added them (conservation of mass). So, the only way for the
right column to grow tomatch the increased height of the left is
through an increase in dissociation of all the weak anions, espe-
cially [HCO3

−], [OH−], [Alb−], and [Pi−]. If [OH−] increases,
then [H+]must fall. Hence, an increase in [Na+] causes an alka-
losis.The same is true for anything that increases SID, such as a
decrease in [Cl−].

Example 2: an isolated increase in [Cl−] by 4 mEq/L
If the right column grew taller by 4 mEq/L, then the left col-
umn would need to as well (Fig. 63.2b). The concentrations of
[Na+], [K+], [Ca+2], and [Mg+2] cannot increase because we
have not added them (conservation of mass). The only other
way the left column could grow 4 mEq/L would be for the
[H+] to increase by 4 mEq/L (to a pH � 2.4), but [H+] never
exceeds even 10−4 mEq/L. When [Cl−] increases by 4 mEq/L,
the [H+] does increase, but by only a tiny amount. The two
columns stay the same height because other parts of the right
column shrink to balance the increased [Cl−]. The unidenti-
fied strong ions [UA−] cannot decrease if we do not remove any
of them (conservation of mass). Electrical neutrality is main-
tained through decreased dissociation of all the weak anions,
[OH−], [CO3

−2], [HCO3
−], [Alb−], and [Pi−]. [H+] increases

and [OH−] decreases; an increase in [Cl−] causes an acido-
sis. The same is true for anything that decreases SID, such as a
decrease in [Na+] or an increase in [UA−], as in lactic acidosis
or ketoacidosis.

Example 3: an isolated decrease in [Albtot] by 2 g/dl
If [Albtot] decreases, then so will the amount ionized, [Alb−],
by about 5 mEq/L (Fig. 63.2c). If the right column gets shorter,
then so must the left column. However, the concentrations of
the strong cations [Na+], [K+], [Ca+2], and [Mg+2] cannot
decrease if we do not remove any of them (conservation of
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Cations Anions

Unidentified
anions ~ 5

Sulfates
Lactate acid
Keto-acids
Toxins

HCO3- = 28

Alb- = 12.7
Pi- = 2.2

Cl- = 103

Na+ = 144

K+ = 4.3

H+ = 3.7*10-5

Ca+2 = 2.5
Mg+2 = 2

OH- = 1.2*10-3 

SID = 43

Figure 63.2A. Gamblegram for isolated increase in [Na+] by 4 mEq/L.
Increase in [Na+] without change in other strong ions, so [SID] increased to
43 mEq/L. This change in SID, an independent variable, causes a metabolic
alkalosis (pH = 7.43). No other strong ions were added or removed so their
concentrations do not change. In order to maintain electrical neutrality in
the face of an increased SID, the degree of ionization of all weak anions –
dependent variables (principally [HCO3−]) – increases to “fill in” the gap.

Cations Anions

Unidentified
anions ~ 5

Sulfates
Lactate acid
Keto-acids
Toxins

HCO3- = 21

Alb- = 12.0
Pi- = 2.1

Cl- = 107

Na+ = 140

K+ = 4.3

H+ = 5.0*10-5

Ca+2 = 2.5
Mg+2 = 2

OH- = 8.8*10-4 

SID = 35

Figure 63.2B. Gamblegram for isolated increase in [Cl−] by 4 mEq/L.
Increase in [Cl−] without change in other strong ions, so [SID] decreased to
35 mEq/L. This change in SID, an independent variable, causes a metabolic
acidosis (pH = 7.30). No other strong ions were added or removed so their
concentrations do not change. In order to maintain electrical neutrality
with a decreased SID, the degree of ionization of all weak anions (principally
[HCO3−]) decreases.

Cations Anions

Unidentified
anions ~ 5

Sulfates
Lactate acid
Keto-acids
Toxins

HCO3- = 30

Alb- = 7.1
Pi- = 2.2

Cl- = 103

Na+ = 140

K+ = 4.3

H+ = 3.6*10-5

Ca+2 = 2.5
Mg+2 = 2

OH- = 1.2*10-3 

SID = 39

Figure 63.2C. Gamblegram for isolated decrease in [Albtot] by 2 g/dL.
Decreased [Albtot] results in decreased [Atot], an independent variable causing
a metabolic alkalosis (pH = 7.45). No strong ions were added or removed
so the SID cannot change. In order for electrical neutrality to be maintained
with a decreased [Atot], the degree of ionization of weak anions (principally
[HCO3−]) increases. The [Alb−] falls as a direct consequence of the decreased
[Albtot] even though the ionized fraction increases somewhat. Note it is the
independent variable [Albtot] that we can control and which decreased by
2 g/dL, but it does not appear in the gamblegram. The dependent variable
ionized albumin [Alb−] is shown.

mass). The [H+] will fall, but because it is orders of magnitude
smaller than [Alb−], it cannot fall nearly enough to maintain
electrical neutrality. Neither the concentrations of unidentified
strong anions [UA−] nor those of [Cl−] can decrease if we do
not remove any of them (conservation of mass). Electrical neu-
trality must be maintained through increased dissociation of
the other weak anions, especially [HCO3

−] and [Pi−]. [H+]
decreases and [OH−] increases; a decrease in [Albtot] causes an
alkalosis. Conversely, an increase in [Albtot] or [Pitot] causes an
acidosis.

Causes of acid–base disturbances
Table 63.1 summarizes all the causes of acid–base disturbances
described by Stewart and Fencl. Following, we examine each
of the three independent causes of acid–base abnormalities in
more detail.

PCO2 respiratory acid–base disturbances
PCO2 respiratory acid–base disturbances are easy to under-
stand and treat. High PCO2 is caused by inadequate alveolar
ventilation and results in an acidosis. Low PCO2 is caused by
excessive alveolar ventilation and results in an alkalosis.
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Table 63.1. Summary of all causes of acid–base disturbances as
described by Stewart and Fencl

Acidosis Alkalosis

Respiratory ↑ PCO2 ↓ PCO2
Nonrespiratory

(metabolic)
↓ [SID] or ↑ [Atot] ↑ [SID] or ↓ [Atot]

[SID]: [Na+] or [H2O] ↓ [Na+] ↑ [Na+]
[SID]: [Cl−] ↑ [Cl−] ↓ [Cl−]
[SID]: unidentified

anions
↑ [UA−] lactic acid, keto

acids, toxins
–

Total albumin ↑ [Albumin] rare ↓ [Albumin] common
in critical illness

Total Pi ↑ [Pi] renal failure or acute
tissue destruction

–

Total concentration of weak anions, albumin
[Albtot], and inorganic phosphate [Pitot]
Increases in [Albtot] or [Pitot] cause acidosis, and decreases
cause alkalosis. Because the normal [Pitot] is so small, low val-
ues cannot cause significant acid–base problems. High [Pitot] is
seen in chronic renal failure and, because phosphate is present
in high concentrationswithinmost cells, in acute tissue destruc-
tion. High [Albtot] is uncommon but is seen in cases of severe
water loss. Low [Albtot] is very common in critically ill patients.
The alkalosis caused by hypoalbuminemia is not in and of itself
of great importance. However, unrecognized, the alkalosis of
hypoalbuminemia can mask the presence of concurrent acido-
sis due to increased unmeasured anions such as lactic or keto
acids. A patient with an acidosis due to a lactate of 6 mEq/L and
an alkalosis due to a [Albtot] of 2 mg/dl would have a normal
pH. It is primarily for this reason that measuring albumin is
important in acid–base analysis. Although the [Albtot] strongly
influences acid–base balance, it is regulated for reasons that are
unrelated to acid–base homeostasis, mainly to regulate osmotic
pressure.

Strong ion difference, [SID]=�[strong cations] –
�[strong anions]
An increase in SID causes an alkalosis, and a decrease in
SID causes an acidosis. The concentrations of [K+], [Ca+2],
and [Mg+2] each are low and cannot fall individually enough
to cause a significant decrease SID. Their concentrations are

Table 63.2. Major causes of decrease in [Cl−] relative to [Na+] – increase
SID alkalosis

Lose Cl in excess of Na Gain Na in excess of Cl

Renal Na HCO3
Diuretics

Gastrointestinala

Vomiting
Nasogastric tube

Hyperalimentation (when cations are given
as acetates rather than chlorides)

drainage

a Gastric fluid has very low SID because of a high [Cl−]. Pancreatic, bile, and
colonic fluids have very high SID because of a high [Na+].

Table 63.3. Major causes of increase in [Cl−] relative to [Na+] – decrease
SID acidosis

Lose Na in excess of Cl Gain Cl in excess of Na

Renal
Renal tubular acidosis Normal saline
Acetazolamide
Nephrotoxic drugs

Hyperalimentation (when cations are given
as chlorides rather than acetates)

Gastrointestinala KCl
Biliary (T-tube) drainage
Diarrhea

a Gastric fluid has very low SID because of a high [Cl−]. Pancreatic, bile, and
colonic fluids have a very high SID because of a high [Na+].

tightly controlled for reasons unrelated to acid–base balance,
and if they increase, they cause life-threatening electrophysio-
logic problems before causing significant acid–base problems.
They are not shown in Table 63.1.

Because of their high concentrations, [Na+] and [Cl−] are
the dominant strong ions in plasma. Because it is the strong ion
difference that controls acid–base balance, it is the relative [Na+]
and [Cl−] that matters, not their individual values. Note that
high [Na+] may be caused by a sodium excess or a water deficit,
and vice versa in the case of a low [Na+]. The distinction must
be made on clinical grounds. The [Na+] is regulated to control
total body water, not for acid–base homeostasis. The causes of
increased and decreased [Cl−], relative to [Na+], are shown in
Tables 63.2 and 63.3.They are also discussed in chapters on flu-
ids and electrolytes, and on hyperalimentation.

The normal [UA−] ≈ 5 mEq/L is the sum of several organic
anions, each normally present at a low concentration; they can-
not fall enough to significantly increase SID. Strong unknown
anions are a problem when their concentrations are high, such
as with increased organic acids (lactic acid, keto acids) and
ingested toxins (methanol, ethylene glycol, aspirin) and in renal
failure, in which sulfates, Cl−, and other unknown anions of
renal failure are increased (in addition to the weak ion phos-
phate). Becausewe cannotmeasure their values directly, we esti-
mate [UA−] as described later.

Proponents of the bicarbonate anion gap approach would
describe all nonrespiratory acid–base abnormalities in terms
of the changes in the dependent variable [HCO3

−], with or
without an increased anion gap. The AG = [Na+] + [K+] −
[HCO3

−]− [Cl−] with a normal value= 16mEq/L. It is evident
from the gamblegram that to maintain electrical neutrality, the
“gap” must be filled by anions other than [HCO3

−] and [Cl−],
namely [UA−], [Alb−], and [Pi−]. The idea is that in the pres-
ence of a metabolic acidosis caused by increased UA, the anion
gap will be elevated.

Proponents of the base excess approach would describe all
nonrespiratory acid–base abnormalities in terms of the calcu-
lated BE. In the presence of a metabolic acidosis, the BE should
be negative (base deficit); in the presence of a metabolic alka-
losis, the BE should be positive. Both the AG and BE meth-
ods assume a normal [Albtot] and are inaccurate in its absence.
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Methods for correcting the AG and BE for hypoalbuminemia
are given in Appendix 1. Fencl and colleagues have shown that
without correction, both the AG and BE methods often fail to
detect important acid–base disturbances in critically ill patients
(Fencl 2000, 1993, Figge 1998).

We conclude the chapter by describing two ways to imple-
ment the Stewart approach, both developed by Fencl and col-
leagues. Both methods quantify the qualitative information
described earlier using the gamblegram and in Tables 63.1
and 63.2. The first (Fencl and Leith, personal communications
1982–1985; later a modified version was published by others
(Gilfix 1993)) is easy to apply at the bedside; the only calcula-
tions necessary are done easily by hand. Initial measurements
needed are as follows:

From arterial blood gas From chemistry

PaCO2, mm Hg [Na+], mEq/L
pH [Cl−], mEq/L
BE, mEq/L Total [albumin], mg/dl

Step 1, determine whether the patient has an acidemia (low
pH) or alkalemia (high pH); the net pH of the blood is the sum
of all concurrent acidoses and alkaloses.

If there is a single primary disturbance and a secondary
compensation, the direction of the primary disturbance will
be given by the pH. In simple cases, a primary disturbance in
SID will usually result in a respiratory compensation return-
ing the pH toward (but not to) normal. A primary respiratory
acid–base disturbance usually results in a nonrespiratory com-
pensation (renal modulation of plasma [Cl−]), returning the
pH toward (but not to) normal. Respiratory compensation hap-
pens quickly, in minutes to hours. Renal compensations are not
complete for several days. However, in patients, the nor-
mal compensations often are not seen because they are over-
whelmed by our clinical interventions, namely intravenous
fluid therapy, drugs, and mechanical ventilation. In addition,
critically ill patients often have multiple concurrent indepen-
dent acid–base problems, such as acidosis due to high [Cl−],
alkalosis due to low [Albtot], and acidosis due to increased inor-
ganic acids (UA). Using the expected levels of compensation to
differentiate themultiple causes of complex acid–base disorders
in critically ill patients is ineffective.

Step2, examine the PaCO2. If it is high, there is a respiratory
acidosis, if low a respiratory alkalosis.

Step 3, use the BE as a measure of the change in SID from
its normal value, and determine quantitatively what nonrespi-
ratory factors are responsible for the observed BE. Real changes
in SID may be a result of changes in [Na+] or [H2O], [Cl−], or
increased [UA−]. In addition, although albumin is a weak ion,
abnormal albumin concentrations cause an error in the mea-
sured BE, which must be accounted for. Calculate the magni-
tude of change in the BE due to [Na+] or [H2O], [Cl−], and
[Albtot], as shown in the following table. Any remaining BE
must be the result of increased [UA−], which we cannot mea-
sure directly.

Factors that change BE Magnitude of change in mEq/L

Abnormal [H2O] or [Na+] = 0.3 (Na−140)
Abnormal [Cl−] = 103−(Cl∗(140/Na))
Abnormal [Albtot] = 3.7 (4.5 − albumin)
Increased [UA] = Observed BE−sum of

3 terms above
where 140 and 103 are the normal [Na+] and [Cl−] in mil-
liequivalents per liter, respectively; derivation of the factor 0.3
for abnormal [H2O] or [Na+] is shown inAppendix 1; (140/Na)
is a factor to correct the measured [Cl−] for abnormal [H2O] or
[Na+]; 4.5 is the normal [Albtot] in grams per deciliter; and 3.7
is an empiric factor to correct the BE for abnormal [Albtot].The
magnitude of change for each factor is the expected BE (mEq/L)
if the abnormality in that row were the sole abnormality. Note
the magnitude of change calculated for each variable is zero if
its concentration is normal.

Step 4, if “unmeasured anions” are suspected based on the
preceding information, thenmeasure phosphate, lactate, ketone
bodies, salicylates, and so on, as indicated by the patient’s his-
tory. Measuring the [K+], [Ca+2], and [Mg+2] can help identify
additional causes of acidosis, as they often are all low, resulting
in a decreased SID.

Consider a patient with the following laboratory results:

From arterial blood gas From chemistry

PaCO2, 29 mm Hg [Na+], 154 mEq/L
pH, 7.32 [Cl−], 123 mEq/L
BE, −10 mEq/L [Albtot], 2.9 mg/dl
Calculate the expected BE for each abnormality. The num-

ber in the last column is the expected BE (mEq/L) if the abnor-
mality in that row were the sole abnormality.

Factors that
change BE Magnitude of change mEq/L

Abnormal [H2O]
or [Na+]

0.3 (Na − 140) = 4.2

Abnormal [Cl−] 103 − (Cl∗(140/Na)) = −8.8
Abnormal [Albtot] 3.7 (4.5 – albumin) = 5.9
Measured BE From laboratory tests −10
BE due to UA = = observed BE – sum of 3

terms above
−10− (4.2− 8.8+ 5.9) = −11.3

The patient has:
An acidemia, a low pH
A respiratory alkalosis, a low PCO2, probably in response to
the nonrespiratory acidosis
A high Na, increasing SID, alkalosis
A high Cl (corrected for the high Na, Cl = 112), decreasing
SID, acidosis
A low albumin, low weak anions, alkalosis
A measured BE of −10, and so a BE due to UA = (−10) –
(4.2 − 8.8 + 5.9) = −11.3
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Wemust now look to the patient’s history to determine the likely
explanations for the BE due to UA of –11.3, and which labora-
tory studies we might order next. The patient presented with
hypotension and an acute abdomen, and renal failure (creati-
nine = 6.5 mg/dl), making high sulfates and phosphates, and
the other anions of renal failure, likely in addition to the known
high chloride.The blood sugar is normal and the patient has no
history of diabetes mellitus, so ketoacidosis is unlikely.The next
steps would be to measure phosphate because of the renal fail-
ure, lactate because of the history of hypotension and an acute
abdomen, and potassium, calcium, and magnesium. In addi-
tion, dialysis will help correctmuch of the problemwhile causes
and therapy for the acute abdomen are pursued.

The second implementation of the Stewart method, detailed
in several highly recommended papers by Fencl, Figge, and col-
leagues (Fencl 2000, 1993, Figge 1991, 1992) is outlined here
only briefly. It is more rigorous, but requires a calculator or,
even better, a computer. Recall from Fig. 63.1 and the previous
discussion that the true [SID] = ([Na+] + [K+] + [Ca++] +
[Mg++]) – ([UA−] + [Cl−]) and to maintain electrical neutral-
ity, it must = [HCO3

−] + [Alb−] + [Pi−]. If we define a new
quantity, the measured or apparent SID [SIDapp] = ([Na+] +
[K+]+ [Ca++]+ [Mg++]− [Cl−]), then [UA−] is estimated as:

[UA−] = [SIDapp] − ([HCO3
−] + [Alb−] + [Pi−]). [Na+],

[K+], [Ca++], [Mg++], [Cl−], and [HCO3
−] are all routinely

measured. [Alb−] and [Pi−] can be estimated from measured
[Albtot] and [Pitot], respectively, as described by Figge and Fencl,
and in Appendix 1. [UA−] is then calculated = [SIDapp] −
([HCO3

−] + [Alb−] + [Pi−]), and lactate, ketone bodies, sal-
icylates, and so on are measured as indicated by the patient’s
history. It often is the case that all sources of unknown anions
will not be discovered, because, as mentioned earlier, the cate-
gory contains species that are still truly unknown, as is the case
in shock.
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Appendix 1:
I. Calculation of [Alb−] from [Albtot] and [Pi−] from [Pitot],
as described by Fencl et al. (Fencl 2000):

[Alb−] mEq/L = [Albtot] (g/dL)∗(1.23∗(pH − 0.631)),
which for clinical purposes may be approximated by
[Alb−] mEq/L ≈ 2.8∗[Albtot] (g/dL)
[Pi−] mEq/L = [Pitot] (mmol/L)∗(0.309∗(pH −
0.469)),
which for clinical purposes may be approximated by
[Pi−] mEq/L ≈ 1.8∗[Pitot] (mmol/L) or [Pi−] mEq/L ≈
0.6∗[Pitot] (mg/dl)

II. Correcting the AG and BE, both mEq/L, for abnormal
[Albtot] g/dL, as described by Figge et al. (Figge 1998) and
McAuliffe et al. (McAuliffe 1986):

AGcorr = AGobserved + 2.5∗([normal albumin] −
[observed albumin])
BEcorr = BEobserved + 3.7∗([normal albumin] −
[observed albumin])

III.Derivation of magnitude of change in BE due to abnormal
[H2O] or [Na+] = 0.3(Na − 140)

For 140 is the normal [Na+] and 42 is the normal
[SID], both in mEq/L
Fractional change in Na (or H2O) = (Na − 140)/140
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Change in SID due to Na (or H2O) = 42∗(Na −
140)/140
and 42/140 = 0.3, then
Magnitude of change in BE due to abnormal [H2O] or
[Na+] = 0.3(Na − 140)

Appendix 2: simplified “classical” blood
gas analysis
Analysis of blood gases is sometimes presented in a vastly sim-
plified manner, in which one considers only the pH, PCO2, and
HCO3. As discussed earlier, this approach is incomplete and
sometimes misleading in the presence of abnormalities of albu-
min or inmixed or complex acid–base disorders, which charac-
terize many critically ill patients. Only in patients with a single
disorder will this approach give a satisfactory interpretation, so
it is presented here for completeness with this caveat.

The simplified approach for patients with one primary acid–
base disorder proceeds by following an ordered series of ques-
tions. The primary disorder may be metabolic, respiratory, or
both and can be determined by assessing PaCO2 and HCO3.

1. What is the pH? Is it an acidosis or alkalosis?
2. Is the change in PaCO2 consistent with a respiratory

component?
3. If the change in PaCO2 does not explain the change in

arterial pH, does the change in HCO3 indicate a metabolic
component?

With these questions answered, an initial diagnosis of the
underlying primary disorder can be made; then, one can deter-
mine whether there is a compensation (see the list at the end
of this paragraph). These compensation rules were determined
empirically fromanimal experiments inwhich a single derange-
ment was induced. If the compensatory response is more or less
than expected, amixed acid–base disorder exists. Measurement
of electrolytes provides additional data to determine whether
there is an anion gap in the case of metabolic acidosis. In the
case of metabolic alkalosis, the urinary chloride concentration
is measured. If the urinary Cl− � 10 mmol/L, the metabolic
alkalosis is chloride sensitive and can be corrected with NaCl.
Examples include gastric and intestinal losses and diuretic ther-
apy. If the urinary Cl− � 10 mmol/L, the metabolic alkalosis is
chloride resistant. Examples include renal artery stenosis, Cush-
ing’s syndrome, primary aldosteronism, and exogenous miner-
alocorticoids.

Empirically observed compensatory responses to acid-base
disturbances:
Metabolic acidosis: 1 ↓ HCO3 ≥ 1 ↓ PCO2
Metabolic alkalosis: 10 ↑ HCO3 ≥ 7 ↑ PCO2
Acute respiratory acidosis: 10 ↑ PCO2 = 1 ↑ HCO3
Chronic respiratory acidosis: 10 ↑ PCO2 = 4 ↑ HCO3
Acute respiratory alkalosis: 10 ↓ PCO2 ≥ 2 ↓ HCO3
Chronic respiratory alkalosis: 10 ↓ PCO2 ≥ 5 ↓ HCO3

Following are a few examples of arterial blood gases in which
the reader can follow the aforementioned steps to diagnose the
disturbance.

Example 1
pH, 7.25
PCO2, 60
HCO3, 26

Given the pH of 7.25, there is an acidosis. With a PCO2 of 60,
there is a 20−mmHg elevation of the PCO2. Given the 2-mEq/L
increase in HCO3, this example represents an acute respiratory
acidosis.

Example 2
pH, 7.35
PCO2, 60
HCO3, 32

The pH of 7.35 indicates an acidosis. With the elevated PCO2
of 60, it is a respiratory acidosis. Given the 8-mEq/L increase in
HCO3, this is a compensated chronic respiratory acidosis.

Example 3
pH, 7.31
PCO2, 30
HCO3, 15
Na, 138
Cl, 112
Anion gap, 138 − (112 + 15) = 11

There is an acidosis. The change in PCO2 is not consistent with
a respiratory component; hence, it is a metabolic acidosis. The
HCO3 decrease is proportionate to the CO2 decrease. With
an anion gap that is normal, this points to a non−anion gap
metabolic acidosis.
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Chapter

64 Ion balance
Tommaso Mauri and Lorenzo Berra

In this chapter, we discuss sodium, potassium, calcium, mag-
nesium, and phosphorus ion balance. The normal concen-
trations of each of those electrolytes in the various body
compartments are summarized in Table 64.1. Sodium is the
most abundant extracellular ion, whereas potassium is themost
abundant intracellular ion.

Basic definitions
Basic definitions are as follows:
� The osmolarity of a solution is the number of osmotically

active particles (osmoles) per liter of solvent.
� The osmolality of a solution is the number of osmotically

active particles per kilogram of solvent.
� Tonicity is the effective osmolality of a solution. It refers to

the capacity to exert an osmotic force across a membrane.
Hypertonic solutions decrease cell volume, hypotonic
solutions increase cell volume, and isotonic solutions have
no effect on cell volume.

Osmolality (mOsm/kg) = [Na+] × 2 + glucose
18

+ BUN
2.8

(Normal plasma osmolality = 280–290 mOsm/kg)

Sodium
Sodium is critical in regulating extracellular and intravascular
fluid volumes. Consequently, total body sodium usually deter-
mines clinical volume status, as sodiumdrawswater wherever it
is concentrated. Sodium is also essential for generation of action
potentials in various tissues of the body. Sodium is regulated
mainly by aldosterone, antidiuretic hormone, and atrial natri-
uretic peptide. The normal range of plasma sodium is 135 to
145 mEq/L, and the adult requirement of daily sodium is 1 to
2 mEq/kg/day.

Hypernatremia (plasma sodium> 145 mEq/L)
Hypernatremia has a relatively high prevalence in the inten-
sive care unit (ICU), usually due to the use of diuretics. About
9% of medical ICU patients have a sodium level � 150 mEq/L

at admission, and an additional 6% develop hypernatremia
during the ICU stay. Hypernatremia is always associated with
hypertonicity. It can be classified according to the underlying
mechanism and the resulting volume status of the patient. Table
64.2 lists commondifferential diagnoses based on the total body
water (TBW) status.

Clinical manifestations
The primary symptoms of hypernatremia are caused by the
loss of cell volume. Symptoms include irritability, spasticity,
and tremulousness. A decrease in brain volume causes lethargy,
weakness, and headache. If sodium levels rise above 158mEq/L,
severe symptomsmay emerge, such as seizures, coma, and even-
tually death. Symptoms are more likely to occur when there are
rapid changes in sodium concentration.

Treatment
The aim is to treat the underlying cause (e.g., hypernatremia
secondary to drugs, hormonal derangements or central and
nephrogenic diabetes insipidus, diabetic ketoacidosis, acute
tubular necrosis, chronic renal failure, fever). Treatment may
be guided by defining the type of hypernatremia (hypovolemic,
euvolemic, or hypervolemic).

� Hypovolemic hypernatremia: isotonic saline initially for
volume repletion in symptomatic patients with orthostasis,
hypotension, or prerenal azotemia, followed by hypotonic
crystalloid solutions, such as 0.45% normal saline.

� Euvolemic hypernatremia: replacement of free water.

Table 64.1. Fluid electrolyte composition of body compartments

Plasma, Interstitial, Intracellular,
Ions mEq/L mEq/L mEq/L

Cations Sodium 142 145 10
Potassium 4 4 159
Calcium 5 5 <1
Magnesium 2 2 40

Anions Chloride 104 117 3
Bicarbonate 24 27 7
Proteins 16 <0.1 45
Others 9 9 154
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Table 64.2. Causes of hypernatremia

Hypovolemic TBW loss >

sodium loss
Renal loss (urine [Na+]

>20 mmol/L): osmotic or loop
diuretic, postobstructive diuresis,
recovery phase of acute tubular
necrosis

Extrarenal loss (urine [Na+]
<20 mmol/l): excessive sweating,
diarrhea, burns, fistulae

Euvolemic TBW loss Renal losses: diabetes insipidus
Hypodipsia, insensible losses

Hypervolemic TBW increase <

total sodium
increase

Infusions of hypertonic sodium
bicarbonate or hypertonic saline,
hypertonic dialysate, overdose of
salt tablets, Cushing’s syndrome,
primary hyperaldosteronism

� Hypervolemic hypernatremia: removal of the excess sodium
(e.g., thiazide or loop diuretics) while replacing water.
Intravenous infusions should be hypotonic compared with
the urine.

Free water deficit can be calculated as:

Free water deficit ≈ Total body water × {1 − (140/[Na+])}.
One-half of the calculated water deficit can be administered

either enterally or parenterally during the first 24 hours and the
rest over the following 1 to 2 days. Sodium can be safely lowered
by 10 mEq/L in the first day of therapy, but patients with acute
increases in sodium can safely be corrected at 1 mEq/L/h. It is
important to remember that if sodium is lowered too quickly,
cerebral edema may occur.

Hyponatremia (plasma sodium< 135 mEq/L)
Hyponatremia, the most common electrolyte derangement
occurring in hospitalized patients, is usually accompanied by
hypo-osmolality but in rare circumstances may be associated
with iso-osmolality or hyperosmolality (Table 64.3). Hypo-
osmolar hyponatremia may further be classified as hypo-
volemic, isovolemic, or hypervolemic hyponatremia.

Clinical manifestations
Symptoms seen in hyponatremia are largely neurologic and
increase in severity with lower sodium levels. Symptoms are
often vague and nonspecific and include malaise, nausea, con-
fusion, and lethargy. Symptoms that are more dangerous follow
when [Na+] falls below 120 mEq/L (e.g., headache, obtunda-
tion, seizures, coma, and death).

Treatment
A plasma sodium level � 130 mmol/L should result in initi-
ation of treatment, and the cause of hyponatremia should be
identified and addressed. Water restriction should be started if
appropriate. Symptomatic patients with plasma sodium levels
� 120 to 125 mmol/L generally need more aggressive manage-
ment. However, rapidly restoring normal osmolality may cause
the plasma to be relatively hypertonic to the cells, resulting in

Table 64.3. Causes of hyponatremia

Isotonic hyponatremia
(pseudohyponatremia)

Asymptomatic: hypertriglyceridemia,
hyperproteinemia (i.e., multiple myeloma)

Symptomatic: glycine absorption

Hypertonic hyponatremia Hyperglycemia, mannitol therapy,
radiocontrast

Hypotonic hyponatremia Hypovolemic hypotonic hyponatremia: renal
loss (diuretic therapy or salt-wasting
nephropathy), gastrointestinal loss
(vomiting, diarrhea, tube drainage), skin loss
(sweating, burns, cystic fibrosis), peritonitis

Isovolemic hypotonic hyponatremia:
antidiuretic hormone excess (SIADH,
thiazide diuretics or oral hypoglycemic
agents), pain, postoperative status
(transurethral prostatic resection
syndrome), cortisol deficiency,
hypothyroidism, decreased solute intake,
psychogenic polydipsia

Hypervolemic hypotonic hyponatremia (TBW
excess): congestive heart failure, cirrhosis of
liver, nephrotic syndrome, renal failure

SIADH, syndrome of inappropriate antidiuretic hormone secretion.

the osmotic movement of water out of the cells. In the central
nervous system, this may cause a condition called central pon-
tine myelinolysis or osmotic demyelination syndrome, which
results in severe morbidity or death. Therefore, in acute, symp-
tomatic hyponatremia, sodiummay be raisedmore rapidly, ini-
tially 1 to 2 mmol/h, but not to exceed 8 to 10 mEq/L in the
first 24 hours. Even in patients with seizures and hyponatremia,
a correction of 1 to 6 mmol usually leads to a resolution of
symptoms. Chronic asymptomatic hyponatremia is well toler-
ated and should be treated conservatively.
� Isotonic hyponatremia, also known as

pseudohyponatremia, requires no therapy.
� Hypertonic hyponatremia is the result of the increased

osmotic pressure (e.g., glucose, mannitol) that moves the
water from the intracellular space to the extracellular
compartment. Hyperglycemia, for example, decreases
plasma sodium concentration by approximately 1.6 mEq/L
for each 100 mg/dl of blood glucose. The goals of therapy
are to remove the osmotically active substance and to
restore euvolemia.

� Hypotonic hyponatremia, the most common form of
hyponatremia, is subdivided according to the extracellular
fluid volume status:
1. Hypovolemic hypotonic hyponatremia: Sodium is lost in

greater proportion than water. Therapy should focus on
replacement of extracellular volume with isotonic
sodium solution.

2. Isovolemic hypotonic hyponatremia: Usually, therapy is
focused on water restriction. See Table 64.4.

3. Hypervolemic hypotonic hyponatremia: The goal of
therapy depends on the primary cause of hyponatremia.
However, fluid and salt restriction and the use of
proximal and loop diuretics are usually acceptable.
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Table 64.4. Calculation of desired negative TBW balance

Estimated TBW: percentage of body weight in kilograms, 60% in children
and men, 50% in women and elderly men, 45% in elderly women

TBW (excess)≈ (actual plasma Na+/desired plasma Na+)× (Normal)
× (TBW)
TBW (excess) represents the amount of negative water balance
needed to increase plasma Na+ to desired level

Potassium
The human body contains 50 mEq/kg of potassium, more than
95% of which is intracellular. Plasma potassium concentration
is kept in a narrow range via two main regulating mechanisms:
potassium shift between intracellular and extracellular com-
partments and modulation of renal potassium excretion. In
addition, potassium is regulated by aldosterone, insulin, hydro-
gen ion concentration, and epinephrine.The electrocardiogram
(ECG) is useful for the diagnosis of true potassium imbalance,
because cardiovascular effects are usually noted early. The level
of polarization of an excitable cell and the ability for repolar-
ization are determined by the extracellular and intracellular
potassium concentration. Average daily intake of potassium is
approximately 1 to 1.5 mEq/kg/d.

Hyperkalemia (plasma potassium> 5.5 mEq/L)
Hyperkalemia usually develops in patients with advanced renal
dysfunction (Table 64.5). Succinylcholine may transiently raise
the plasma potassium level by 0.5 to 1.0 mEq/L in normal
patients. Succinylcholine should not be used in paraplegic
or burn patients because it may result in excessive potas-
sium release. Many cases of hyperkalemia are associated with
metabolic acidosis. Elective surgery should not be undertaken
in the presence of significant hyperkalemia.

Clinical manifestations
Muscle weakness and, rarely, flaccid paralysis, abdominal dis-
tention, and diarrhea may occur. With the worsening of hyper-
kalemia, ECG changes may occur and include atrial and
ventricular ectopy, decreased QT interval, peaked T waves, loss

Table 64.5. Causes of hyperkalemia

Decreased renal
excretion

Acute and chronic renal failure, drugs
(potassium-sparing diuretics, ACE inhibitors, COX
inhibitors, decreased mineralocorticoid activity
(HIV)

Redistribution Trauma, burns, rhabdomyolysis, severe infections,
acidosis, hyperosmolar states, vigorous exercise

Increased intake Salt substitutes, blood transfusions, potassium
salts of antibiotics

Pseudohyperkalemia Hemolysis, leukocytosis (WBCs > 50,000/mm3),
thrombocytosis (PLT > 1,000,000/mm3)

ACE, angiotensin-converting enzyme; PLT, platelets; COX inhibitors, nons-
teroidal anti-inflammatory drugs; WBCs, white blood cells.

of P waves, widening of the QRS complex, and merging of the
widenedQRS complexes with the Twave, leading to ventricular
fibrillation and possibly to cardiac arrest.

Treatment
One must first confirm that the elevated level of plasma K+ is
genuine. Continuousmonitoring of the ECG is indicated. Renal
dysfunction should be ruled out. The following measures can
temporarily reduce the plasma K+ level via redistribution to
other compartments, or mitigate its effects:

� Calcium chloride (10 ml of 10% solution) intravenously
(IV) to stabilize the cellular membrane

� Insulin with glucose (1 U of IV insulin for 2 g of dextrose)
is administered to shift the extracellular potassium
intracellularly and to stabilize the cellular membrane

� Sodium bicarbonate (50–100 mEq) to shift the potassium
intracellularly

The following measures will reduce the plasma K+ level by
increasing its excretion:

� Loop diuretics (e.g., furosemide) to reduce total body
potassium, although patients in renal failure may not
respond to diuretics.

� Exchange resins (e.g., sodium polystyrene sulfonate)
administered orally may reduce total body potassium in
about 1 to 3 hours.

� One or two standard doses of nebulized albuterol can
reduce plasma K+ within 30 minutes after administration
in dialysis patients.

� Hemodialysis, if other measures fail.

Hypokalemia (plasma potassium< 3.5 mEq/L)
Severe hypokalemia may induce dangerous arrhythmias and
even rhabdomyolysis (Table 64.6). It is important to remem-
ber that the plasma potassium concentration correlates poorly
with the total body potassiumdeficit. Nevertheless, plasma con-
centration may be used as a rough guide to total body levels,
and in the steady state 1-mEq/L change in plasma potas-
sium reflects about a 100- to 200-mEq change in total body

Table 64.6. Causes of hypokalemia

Potassium shift
into the cell

Insulin, alkalosis, trauma, barium ingestion,
β2-adrenergic agonists, hypothermia

Renal potassium
loss

Primary and secondary hyperaldosteronism,
renovascular hypertension, ACTH and renin-producing
tumor, congenital abnormality of steroid metabolism,
diuretics, salt-wasting nephropathy, hypomagnesemia

Extrarenal
potassium loss

Vomiting, diarrhea, laxatives, NG tube suctioning

Inadequate
intake

Usually not a single cause of hypokalemia, because of
very effective decrease of renal potassium excretion

ACTH, adrenocorticotropic hormone; NG, nasogastric.
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potassium. Usually, mild and asymptomatic hypokalemia (K+

�3.0 mEq/L) does not warrant cancellation or delay of surgery,
especially if it is chronic. Acute hypokalemia is less well tol-
erated than mild chronic hypokalemia. As a general rule,
patients with clinical signs of hypokalemia and/or ECG changes
might require correction prior to proceeding with elective
surgery. Patients on digoxin are at a higher risk of developing
side effects when hypokalemic. Glucose-free infusion solutions
should be used in hypokalemic patients, because glucose sup-
ports potassium shift into the cell, further reducing the plasma
concentration.

Clinical manifestations
Muscular weakness, fatigue, and muscle cramps are frequent in
mild to moderate hypokalemia. Flaccid paralysis, hyporeflexia,
hypercapnia, tetany, rhabdomyolysis, and arrhythmias may be
seen with severe hypokalemia (�2.5 mEq/L). ECG changes
that may occur consist of widening of the QRS complex with
plasma potassium levels around 3 mEq/L. Furthermore, the ST
segments become depressed, and the T waves begin to flatten
(inversion). Uwaves becomemore prominent.The tendency for
ventricular ectopy increases and puts the patient at risk for ven-
tricular fibrillation.

Treatment
Mild to moderate potassium deficiency is safely treated with
oral potassium. In the setting of abnormal renal function and
mild to moderate diuretic dosage, 20 mEq/d of oral potassium
is generally sufficient to prevent hypokalemia, whereas 40 to
100 mEq/d is needed to treat hypokalemia if it occurs. Intra-
venous potassium replacement is indicated for patients with
severe hypokalemia and for those who cannot take oral sup-
plementation. For severe deficiency, potassium may be given
through a peripheral IV line in a concentration that should not
exceed 40 mEq/L at rates of up to 10 mEq/h because of its local
and systemic toxicity. When a central line is present, it should
be the route of choice to administer IV potassium. Rates of 10
to 20 mEq/h require continuous ECGmonitoring. Daily potas-
sium replacement should not exceed 240 mEq.

Calcium
The normal total plasma (or plasma) calcium concentration
is 8.5 to 10.5 mg/dl. Ionized calcium (4.4–5.3 mg/dl; the nor-
mal range may vary slightly from laboratory to laboratory)
is the physiologically active calcium. Calcium is necessary for
almost every function in the human body, including muscle
contraction, nerve function, and blood coagulation. Calcium
is regulated primarily by parathyroid hormone and vitamin D.
Albumin levels do not affect ionized calcium levels, although
total calcium increases or decreases with a decrease or an
increase in albumin levels, respectively. An albumin level
decrease of 1 g/dl increases the calcium level by 0.8 mg/dl. It is
also important to remember that metabolic acidosis increases
ionized calcium levels.

Table 64.7. Causes of hypercalcemia

Increased intake Excess vitamin D, vitamin A, or calcium intake

Cancer Multiple myeloma

Endocrine disorders Primary hyperparathyroidism, adrenal gland
insufficiency

Other Thiazide diuretics, sarcoidosis, Paget’s disease of
bone, immobilization

Hypercalcemia (plasma calcium> 10.5 mg/dl)
Tumor production of parathyroid hormone–related protein
accounts for most cases of hypercalcemia (Table 64.7).The neo-
plasm is clinically apparent in nearly all cases when the hyper-
calcemia is detected, and the prognosis is often poor from the
underlying malignancy.

Clinical manifestations
Mild hypercalcemia is often asymptomatic. Symptoms usually
occur if the plasma calcium is�12mg/dl. Typical symptoms are
constipation, polyuria, nausea and vomiting, muscle weakness,
ataxia, and confusion. ECG shows a shortened QT interval.

Treatment
Until the primary disease is controlled, renal excretion of cal-
cium with a resultant decrease in plasma calcium concentra-
tion should be promoted. Hypercalcemia should be considered
a medical emergency, and elective surgeries should not be per-
formeduntil the calcium level is corrected. Serialmeasurements
of potassium andmagnesium should also be done while the cal-
cium is being corrected.

� Saline (250–500 ml/h) with furosemide (20–40 mg every
2 hours) is the treatment of choice.

� Bisphosphonates (pamidronate) or calcitonin is the
mainstay of treatment of hypercalcemia of malignancy.

Hypocalcemia (plasma calcium< 8.5 mg/dl)
Development of true hypocalcemia (decreased ionized cal-
cium) implies an insufficient level or impaired action of
parathyroid hormone or active vitamin D (Table 64.8).

Table 64.8. Causes of hypocalcemia

Decreased intake
or absorption

Malabsorption, small bowel bypass, vitamin D deficit

Increased loss Alcoholism, chronic renal insufficiency, diuretics,
chelation of calcium by citrate ions when large
volume of blood is administered

Endocrine
disease

Hypoparathyroidism, sepsis, medullary carcinoma of
the thyroid

Physiologic Hyperphosphatemia, aminoglycoside antibiotics

399



Part 11 – Fluid and Electrolyte Balance

Clinical manifestations
Extensive spasm of skeletal muscle may cause weakness,
cramps, tetany, and eventually, laryngospasm with stridor.
Seizure, paresthesias of the lips and extremities, and abdominal
pain may occur. Carpopedal spasm (Trousseau’s sign) or mas-
seter muscle spasm (Chvostek’s sign) may be seen. The ECG
shows prolongation of the QT interval (due to lengthened ST
segment), which predisposes the patient to developing hypoten-
sion and ventricular arrhythmias.

Treatment
In the presence of tetany, arrhythmias, or seizures, calcium glu-
conate 10% (10–20 ml), administered IV over 10 to 15 minutes,
is indicated. Its duration of action is short; therefore, an infu-
sion is usually required tomaintain the plasma calcium level at 7
to 8.5 mg/dl. ECGmonitoring is recommended. Asymptomatic
hypocalcemia can be treated with oral calcium and vitamin D.

Magnesium
Normal plasmamagnesium ranges between 1.5 and 2.5 mEq/L.
Mg2+ promotes enzyme reactions within the cell during
metabolism, helps in the production of adenosine triphosphate
(ATP), participates in protein synthesis, andplays a role in coag-
ulation, platelet aggregation, and neuromuscular activity. Mag-
nesium slows atrioventricular conduction and potentiates the
action of both depolarizing and nondepolarizing neuromuscu-
lar blocking agents. About two-thirds ofmagnesium is stored in
the bone.

Hypermagnesemia (plasma magnesium
> 2.5 mEq/L)
Increased intake, mainly as a result of magnesium-containing
antacids and laxatives, may commonly lead to hypermagne-
semia (Table 64.9).

Clinical manifestations
Skeletal muscle weakness, hyporeflexia, sedation, vasodilation,
bradycardia, hypotension, and impaired breathing may occur.

Treatment
Treatment includes immediate cessation of Mg2+ administra-
tion/intake, administration of calcium gluconate, increased uri-
nary excretion (diuretic), and dialysis in patients with renal
failure.

Table 64.9. Causes of hypermagnesemia

Reduced excretion
and/or increased
intake

Magnesium-containing antacid or laxative intake,
acute and chronic renal failure, clinically induced
hypermagnesemia state with preeclampsia
treatment

Uncommon
causes

Addison’s disease, acute diabetic ketoacidosis,
hypothyroidism, pituitary dwarfism, lithium therapy,
viral hepatitis, milk-alkali syndrome

Table 64.10. Causes of hypomagnesemia

Gastrointestinal Decreased intake, reduced absorption (chronic
diabetes, diarrhea, emesis, steatorrhea, short bowel
syndrome, pancreatitis)

Renal excretion Loop and thiazide diuretics, hypercalcemia, removal
of parathyroid tumor, diabetic ketoacidosis,
hypersecretion of aldosterone, thyroid hormones or
ADH, nephrotoxins, chronic ethanol ingestion

Acute intracellular
shift

Refeeding syndromes, glucose infusions, amino acid
infusions, insulin, catecholamines, metabolic acidosis

Hypomagnesemia (plasma magnesium
< 1.5 mEq/L)
Hypomagnesemia is commonly seen in ICU patients. Common
causes of hypomagnesemia are listed in Table 64.10.

Clinical manifestations
Increased neuromuscular irritability, hyperreflexia, confusion,
and seizuresmay occur. Hypomagnesemia is commonly associ-
atedwith hypocalcemia and hypokalemia and, hence, with their
associated manifestations. ECG changes seen with magnesium
deficiencies include prolonged PR and QT intervals, widened
QRS complexes, depression of ST segments, and inversion of
T waves. Atrial fibrillation may be associated with hypomagne-
semia.

Treatment
Patients with mild/moderate Mg2+ deficiency may require 50
mEq of oral Mg2+ per day (i.e., about twice the amount of the
estimated deficit in patients with intact renal function, because
about 50% of the administeredMg2+ is excreted in urine). Seri-
ous manifestations of hypomagnesemia (seizures) should be
corrected by IV replacement (2- to 4-g infusion over 30–60
min). It is prudent to avoid an IV bolus of magnesium sulfate,
as it may cause cardiac arrhythmias.

Phosphorus
In plasma, phosphate is present mainly as a very small inor-
ganic fraction (PO4, normal range 2.5–4.5 mg/dl). About 85%
of phosphorus is stored in the bone. It is used to form ATP,
nucleic acids, 2,3-diphosphoglycerate (off-loading oxygen from
hemoglobin), and cyclic adenosine monophosphate.

Hyperphosphatemia (plasma phosphate
> 4.5 mg/dl)
Clinical manifestations
Clinical signs of hyperphosphatemia are related primarily to
the development of hypocalcemia and ectopic calcification.
Because renal failure is the most common cause of hyperphos-
phatemia, other signs and symptoms of renal failure may also
be associated with it (Table 64.11).
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Table 64.11. Causes of hyperphosphatemia

Increased intake Intravenous infusion, oral supplementation, vitamin D
intoxication, phosphate-containing enemas, acute
phosphorus poisoning

Increased
production

Tumor lysis syndrome, rhabdomyolysis, bowel infarction,
malignant hyperthermia, hemolysis, acid–base disorders

Reduced loss Acute and chronic renal insufficiency,
hypoparathyroidism, acromegaly, tumoral calcinosis,
magnesium deficiency, multiple myeloma

Treatment
In renal failure, dialysis will reduce plasma phosphate.
Absorption of phosphate can be reduced by administration of
aluminum hydroxide/carbonate, which binds phosphates.
Diuresis can be induced with acetazolamide.

Hypophosphatemia (plasma phosphate
< 2.5 mg/dl)
Hypophosphatemia may occur in the presence of normal phos-
phate stores. Serious depletion of body phosphate stores may
exist even with normal or high phosphorus in plasma.

Clinical manifestations
In the presence of severe hypophosphatemia (PO4 � 1 mg/dl),
decreased levels of 2-3 DPG will result in an increased affin-
ity of hemoglobin for oxygen, which impairs tissue oxygena-
tion and thus cellular metabolism. Muscle weakness or even
rhabdomyolysis, paresthesias, encephalopathy (e.g., irritabil-
ity, confusion, or seizures), platelet dysfunction, leukocyte dys-
function, respiratory failure, and myocardial dysfunction may
occur.

Treatment
The best treatment is prophylaxis, by including phosphate in
repletion and maintenance fluids (total parenteral nutrition).
When possible, oral replacement of phosphate is preferable, as
rapid correction may cause hypocalcemia. For severe, symp-
tomatic hypophosphatemia, an infusion should provide 279 to
310mg (9–10mmol)/12 h until the plasma phosphorus exceeds
1 mg/dl; the patient can then be switched to oral therapy.
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Chapter

65 Total parenteral nutrition
Mallory Williams and Gyorgy Frendl

Total parenteral nutrition (TPN) is intravenous (IV) adminis-
tration of nutrients for the purposes of metabolic support. TPN
canbe used in various clinical settings, almost always as an alter-
nate approach to nutrition when nourishment of the patient via
the enteral route is not feasible.

Theobjectives of nutrition therapy are to supply the patients’
caloric needs and to provide the appropriate proportions of pro-
tein, carbohydrate, and fat to support themetabolic needs of the
patient. Enteral nutrition, if possible, should always be the pre-
ferred route of nutrient administration. Multiple studies com-
paring enteral nutrition with TPN in critically ill medical and
surgical patients have found that enteral nutrition is safer than
TPN, is less expensive, and results in at least similar and some-
times superior clinical outcomes.

Initiation of nutrition therapy
The management of nourishment begins with a nutritional
assessment of the patient. It should be acknowledged that nutri-
tional assessments in critically ill patients are often inaccurate.
Simple measurements, such as weight, cannot be used because
of edema, ascites, and overall fluid overload states that often
accompany the postoperative or critical care state. Well-known
nutritional parameter levels are affected by underlying disease,
inflammatory states, and medications.

Malnutrition in hospitalized patients often goes unrecog-
nized; its prevalence may be 30% to 50%, with 40% of these
patients being malnourished at the time of admission.The sub-
jective global assessment (SGA) is a clinical method to evalu-
ate the nutritional status of a patient. The components of this
assessment are history taking and physical examination, deter-
mination of any effects of malnutrition on end-organ function,
and a determination of how the patient’s overall disease pro-
cess affects nutrient requirements. The SGA has been found to
be reproducible among blinded observers assessing the same
patient, with 80% interrater reliability. It is also a good predic-
tor of complications in general surgery patients. Components
of the SGA are described in Table 65.1.

The next step for patients requiring nutritional support is
to determine whether they are candidates for enteral nutrition.
TPN is not indicated in patients who have a gastrointestinal
tract capable of adequate nutrient absorption. For patients who

cannot tolerate enteral nutrition (Table 65.2), TPN may be an
option.

Nutrition as pharmacotherapy
Therole of nutrition has progressed frommaintaining a positive
nitrogen balance to using specific nutrients to modulate organ
function.

Branched-chain amino acids
Branched-chain amino acids (BCAAs), including leucine,
isoleucine, and valine, undergo very little metabolism by the
liver and remain intact until they reach the skeletal muscle.
Leucine in skeletal muscle increases protein synthesis by 50%
and decreases protein degradation by 25%. This increased pro-
tein synthesis reaches physiologic significance during stress or
injury states. Increased concentration of BCAAs in TPN may
increase prealbumin and retinol-binding protein, leading to
lower mortality.

Table 65.1. Subjective global assessment

Medical history Physical examination

Weight Change MuscleWasting
No Change Change Biceps

Triceps
%Weight Loss Quadriceps
<5% 5–10% >10% Temple
Weight change in past 2 weeks Subcutaneous FatWasting
Increase No change Decrease Eyes
Dietary intake Perioral
Reduction Palmar
Unintentional
Intentional
Overall Change Edema
Change Upper Extremities
No change Sacral
Increase or Decrease Lower Extremities
Gastrointestinal Symptoms
None Nausea Diarrhea Vomiting
Dysphagia Anorexia
Functional Impairment
Overall Impairment
None Mild Severe
Duration
Days Weeks Months
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Table 65.2. Contraindications to enteral nutrition

Intractable emesis
Bowel obstruction
Malabsorption
Inflammation of gastrointestinal tract
Acute pancreatitis
Postoperative ileus
Pseudo-obstruction
Mechanical obstruction
Short bowel syndrome
Inflammatory bowel disease
Severe diarrhea – sprue
Radiation enteritis
Diverticulitis
Appendicitis
Cholecystitis
Esophagitis
Gastroenteritis
Mucositis – radiation induced or graft-versus-host disease

Glutamine
Glutamine is synthesized and stored in skeletal muscle.
Catabolism induced by surgery, sepsis, burns, or major injury
results in increased release of glutamine from skeletal muscle
to the plasma. Patients receiving l-glutamine supplementation
have a better nitrogen balance (−1.4 g/d vs. −4.2 g/d) and a
lower incidence of infection.

Omega-3 fatty acids
Theomega-3 fatty acids are potential immunostimulants. Infec-
tions, length of intensive care unit (ICU) stay, and nitrogen
balance (−2.2 g/d vs. −6.6 g/d) are better in patients receiving
fish oil. Whereas omega-3 fatty acids are present in enteral
formulas, the only commercially available IV emulsions in the
United States are long-chain triglycerides with omega-6 fatty
acids, which are potential immunosuppressants. High intake of
omega-6 fatty acids (linoleic acid) is associated with increased
synthesis of prostaglandin E2, which inhibits the immune
system.

However, omega-3 fatty acid-rich infusion during par-
enteral nutrition was recently reported in a prospective open
label study and found to reduce both ICU and hospital length
of stay and improve mortality in critically ill patients after
major abdominal surgery, or who were experiencing peritoni-
tis and abdominal sepsis, non-abdominal sepsis, multi-trauma,
and severe head injury (reference listed in recommended read-
ings).This study was not controlled or blinded and variations in
dose of omega-3-fatty acids occurred in the trial.These interest-
ing findings need confirmation in randomized controlled trials
before they can be considered cost effective.

Route of TPN administration
TPN can be delivered via centrally or peripherally placed
venous access catheter port. TPN solutions contain glucose,
amino acids, and lipids. Lipid solutions of 10–20% can be
given peripherally, whereas lipid concentrations of 30% are

prescribed in the admixture and are administered centrally.
Glucose-amino acid solutions of greater than 10% glucose are
damaging to peripheral veins and can cause thrombophlebitis.
It is very important that the tip of the central venous catheter
be evaluated for its presence in the superior vena cava. The
tonicity of hypertonic nutrient solutions (�1900mOsm/L) is so
great that thrombophlebitis and venous sclerosis are potential
complications of peripheral administration. Superior vena
cava placement allows for rapid dilution of this nutrient-rich
solution.

The port used for TPN administration should be a dedicated
port. Medications, blood draws, or administration of other flu-
ids is not preferred because of an increase in infection risk.
In addition, initial placement of a central venous catheter that
will be used for TPN should follow the full barrier precautions
and nursing checklist protocol. No catheters placed for emer-
gency use should be used to administer TPN. Catheters should
never be advanced into patients post placement. Lines need to
be secured to patients using a dermal stitchwith three-point fix-
ation of the catheter. Clear dressings are used so the line site can
be monitored daily.

Occasionally, there are patients in whom percutaneous cen-
tral venous access is difficult to achieve. These patients are can-
didates for peripheral IV central catheter (so-called PICC) lines.
These lines are placed centrally from peripheral veins using
wires (most often by designated IV services). As with central
venous catheters, the central venous position of the tip should
be confirmed on a regular basis. The administration of TPN
through a femoral line is not optimal because of increased risk
of infection. If options are confined to femoral line adminis-
tration, time periods should be limited. However, burn units
present unique challenges that at times may call for adminis-
tration of TPN through a femoral line. Clear documentation as
to the risks and benefits of the therapy and the overall lack of IV
access in the patient may provide a rationale for administering
TPN through a femoral catheter.

The traditional preferred site for TPN infusion is through
the subclavian vein due to low infection rates. In general
quoted infection rates for subclavian catheters are approximat-
edly 3.5–6 per 1000 catheter days versus 6–10 per 1000 catheter
days for internal jugular catheters in ICUs. Femoral catheter
sites have infection rates that range from 12–16 per 1000
catheter days in ICUs. Peripherally inserted central catheters
(PICC) have similar infection rates to centrally venous catheters
but sustain a longer duration of treatment before infection.
Tunneled catheters can also serve as a long term source for
treatment without infection. In general, peripherally placed
intravenous catheters and central venous catheters are short-
term access sites. PICC are consideredmidterm access sites, and
tunneled catheters are long-term access sites (see Table 65.3).

Nutrient composition of the TPNmixture
The existing body cell mass is the major determinant of total
caloric requirement, which is either estimated or measured
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Table 65.3. Suggested fluid concentrations, duration of use, and common complications associated
with catheters used for TPN administration

Catheter Site

Concentration of
IV Fluids
(mOsm/L) Complications

Peripheral IV catheter <500 Infection
Phlebitis

Femoral Vein >900 Infection
Bleeding
DVT

Centrally Placed Catheters
SubclavianVein /Internal Jugular Vein >900 Pneumothorax

Injury to heart
Peripherally Inserted Central Catheter Retained guidewire
Tunneled Catheters or Ports Infection, bleeding,

DVT

directly. There is controversy regarding whether strict calcu-
lation and matching of energy expenditure with energy input
improve clinical outcomes. Promotion of anabolic functions
and avoidance of overfeeding are the goals, meaning that a
25-kcal/kg ideal bodyweight is usually sufficient.TheAmerican
College of Chest Physicians consensus statement recommenda-
tions are listed in Table 65.4.

In general, 1 ml is required to administer 1 kcal of nutrients.
Therefore, a volume of 2 to 2.5 L/d will provide the patient with
2000 to 2500 kcal of energy. This caloric load is sufficient for
90% of surgical patients.The base solution is commonly 500 ml
of 10% amino acids and 500 ml of 50% dextrose (Table 65.5).
Fluid, electrolytes, vitamins, and trace elements are added to
this solution. The final volume is usually 2 to 2.5 L/d. Provid-
ing a fat emulsion (500 ml, 20%) 1 d/wk to patients will meet
their essential fatty acid requirements.

Modulating the fat content of the mixture is important in
specific patient populations. For example, it has been shown
that administration of excessive calories to patients on the ven-
tilator elevates CO2 production due to excessive carbohydrate
intake and prolongs efforts at discontinuation of mechanical
ventilation. However, in patients with severe COPD, Steiner et
al. demonstrated that carbohydrate supplementation improved
pulmonary rehabilitation in well-nourished patients.

All three major nutrients may be mixed in a 3-L bag (triple
mix or three-in-one). Sodium and potassium are added as chlo-
ridesor acetates,with the ratioof acetates to chlorides increasing
in patients with hyperchloremia or acidosis. Sodium bicar-
bonate is incompatible with the nutrient solution; therefore,
acetate is used. Phosphate is given as a potassium or sodium
salt. Commercially available solutions of vitamins, minerals,

Table 65.4. TPN mixture recommendations

Glucose, 30%–70% of total calories
Fat, 15%–30% of total calories
Protein, 5%–20% of total calories
Micronutrient repletion

and trace elements are added to the nutrient mix for daily
administration. Vitamin K, proton pump inhibitors or his-
tamine H2-receptor blockers, and insulin also may be included
in the nutrient mix. Iron should be avoided in patients with
sepsis. Slightly hypertonic (600–900 mOsm/L) solutions can be
made for peripheral administration. These low–caloric density
solutions include 5% amino acids, 10% dextrose, and 20% fat
emulsion and are administered in a large volume of fluid.

There are studies suggesting that immunomodulation is
possible via parenteral and enteral diets. Arginine, glu-
tamine, and omega-3 fatty acids all have been shown to be
immunomodulatory when given as a component of the diet.
Patients who are septic seem to benefit from the administration
of BCAAs.

Metabolic monitoring
All patients receiving parenteral nutritional support should
receive accurate daily weights, and data on their fluid balance
should be recorded rigorously. Serum glucose should be mea-
sured regularly, and euglycemia (serum glucose, 110–150 g/dl)
should be maintained. Most alterations of patient weight in
the ICU are reflective of excess fluid. However, if the patient’s
weight decreases and this is persistent, additional calories (500–
1000 kcal/d) should be added to maintain lean body mass. The
metabolic rate can be calculated and the energy input then

Table 65.5. Various additives/properties of a TPN mixture

Property Standard solution Triple mix

Volume, ml
Amino acids 10% 500 1000
Dextrose 50% 500 1000
Fat emulsion 20% – 250

Contents, g
Amino acids 50 100
Dextrose 250 500
Total nitrogen 8.4 16.8

Total calories 1050 2600
Caloric density, kcal/ml 1.0 1.15
Osmolality, mOsm/L 1970 1900
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matched to this figure:
Metabolic rate (kcal/day) = VO2 (ml/min) × 60 min/h

×1 L/1000 ml × 4.83 (kcal/L) × 24h/d,

where VO2 is the amount of oxygen consumed per minute.
In patients not on ventilators, metabolic carts offer bedside

estimates of oxygen uptake for calculation of metabolic rate. In
patients with pulmonary artery catheters, oxygen consumption
is calculated using cardiac output data:

Vo2(ml/min) = cardiac output (L/min)
×CaO2 (ml/L)
−CmvO2 (ml/L) × 1L/10 dl,

where CaO2 is arterial oxygen content and CmvO2 is mixed
venous oxygen content.

Finally, maintenance of lean body mass should be reflected
by a positive nitrogen balance, which can be measured as
follows: The urine urea nitrogen (UUN) concentration is
multiplied by the total volume of urine in a 24-hour period.
This represents only 80%of the total nitrogen excreted.An addi-
tional 20% must be added. Also, an additional 2 g is added to
account for stool and integumentary losses.

Total nitrogen loss (g/d) ≈ 24-hour UUN (g/d)
+ 0.2 (24-hour UUN g/day)+2g/d.

Complications of TPN
The most common complication of TPN administration is
hyperglycemia. Maintaining euglycemia is the standard of care.
Insulin protocols with close monitoring of serum glucose have
made this practice possible, with a corresponding reduction
in mortality and morbidity. There are complications associ-
ated with central venous access, which may be mechanical or
infectious. Pneumothorax, arterial puncture, and hematomas
are all detectable at the time of catheter placement. Infectious
complications often occur in a delayed manner. Coagulase-
negative staphylococci are the most common pathogens in
catheter-related bloodstream infections, followed by enterococ-
cus. Signs of catheter infection, such as fever, leukocytosis, ery-
thema at the puncture site, and positive blood cultures, should
prompt catheter removal. A new bag of TPN should be initiated
when a new, appropriately positioned central venous catheter is
available.

Perioperative and periprocedural
management of TPN
Once TPN is initiated, unless otherwise indicated by the pro-
cedure, it is recommended that the infusion of TPN should
continue during the procedure and in the operating room to
maximize the nutritional benefits for critically ill patients.

However, when TPN is discontinued, it is particularly
important to be vigilant about the risk of hypoglycemia. This

may happen as TPN runs out and the new supply is not yet
available, or when TPN infusion is discontinued (e.g., because
of the removal of the central venous catheter or travel of the
patient). When TPN is discontinued, it is imperative to regu-
larly measure serum/blood glucose levels (every 30 minutes or
every hour, but evenmore frequently when themeasured values
are � 60 mg/dl). The administration of 50% dextrose solution
is also recommended when blood glucose levels fall below 45
to 60 mg/dl (these levels are determined by institutional guide-
lines for hypoglycemia). To prevent this scenario, if the TPN
needs to be discontinued, the patient should be placed on 10%
dextrose infusion at the same rate the TPN was infused, with
regular blood glucose measurements.

Refeeding syndrome
Malnourished patients suffer from the depletion of total body
phosphorus. In an attempt to maintain homeostasis, phospho-
rus is redistributed from the intracellular space. Once nutrition
is initiated, the delivery of a large amount of glucose causes
an insulin surge that initiates cellular glucose uptake, as well
as uptake of potassium and phosphate from the extracellu-
lar space. The body also begins to retain fluid. Under these
conditions, the serum concentration of potassium and phos-
phorus falls rapidly. The cardiac effects of this are increased
cardiac workload, increased stroke work, and increased oxy-
gen consumption with a resultant increase in the respiratory
quotient and minute ventilation. Patients may have tachyp-
nea, dysrhythmias, seizures, coma, or respiratory or cardiac
failure.

Prevention of refeeding syndrome is best accomplished by a
gradual increase in calories per day when nutrition is initiated
combined with monitoring and replacement of electrolytes,
particularly magnesium, phosphate, and potassium. Refeeding
syndromemay occur in any patient who is malnourished or has
been subjected to a significant period of starvation prior to the
administration of nutrients.
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66 Blood products
Edward R. Garcia

Blood component administration carries a significant risk of
infectious, toxic, and immunologic complications.All clinicians
must be familiar with indications and alternatives to decrease
the risks of this therapy (Table 66.1).

Red blood cells
Red blood cells (RBCs) are given to improve oxygen (O2)-
carrying capacity and do not contain viable platelets or signif-
icant amounts of coagulation factors or neutrophils. All RBC
transfusions must be ABO compatible. RBC units are stored at
1◦ to 6◦C to decrease metabolism and inhibit bacterial growth.

A unit of RBCs (often referred to as “packed” red cells)
is prepared from whole blood using a closed sterile system.
First, approximately 450 ml of whole blood is collected from
a screened volunteer donor into a bag containing 63 ml of a
citrate-phosphate-dextrose (CPD) anticoagulant preservative.
The donated whole blood unit may then be processed to pro-
duce one RBC unit, one platelet concentrate, and one unit of
fresh frozen plasma (FFP). To generate a unit of RBCs, a whole-
blood unit is centrifuged to separate the RBCs from the plasma.
Most of the plasma is then expressed from the unit, leaving
about 180 (160–275) ml of RBCs, 30 ml of residual plasma, and
30 ml of CPD solution. Such a CPD RBC unit has a volume of
about 250ml and a hematocrit (Hct) of 70% to 80%, andmay be
stored for up to 21 days. Typically, an additive solution is added
to CPD RBC units to extend the allowable storage time to up to
42 days (below).

The solutions used in manufacturing RBC units are:

� CPD is the basic anticoagulant preservative solution used
to collect whole blood. Citrate acts as an anticoagulant by
binding calcium, and dextrose serves as an energy source
for the RBCs. CPD units may be stored for up to 21 days at
1◦ to 6◦C.

� CPDA-1 is identical in composition to CPD, except for the
addition of 17.3 mg of adenine. Adenine provides a
substrate for the production of adenosine triphosphate.
CPDA-1 RBC units may be stored for up to 35 days at 1◦ to
6◦C.

� Additive solutions are crystalloid solutions that include
dextrose, adenine, and other components in varying
concentrations. Currently licensed additive solutions are

AS-1 (Adsol; Baxter, Round Lake, IL), AS-3 (Nutricel;
Miles Inc, Elkhart, IN), and AS-5 (Optisol; Oxonica, Bucks,
UK). Typically, 100 ml of an additive solution is added to a
CPD RBC unit, resulting in a final product of about 310 ml
with an Hct of 55% to 65%. Additive solutions contain
monobasic sodium phosphate (AS-3) or mannitol (AS-1
and AS-5) to limit cell lysis. The additive solutions serve to
extend RBC survival, increasing the unit’s shelf-life to 42
days. Also, by lowering the product’s viscosity, additive
solutions yield excellent flow characteristics.

Recently, there has been some discussion regarding a possible
link between “older” blood (still within the 42-day shelf life)
and increased morbidity and mortality in transfused patients.
At this point, currently available evidence does not indicate a
clear linkage, although some large randomized trials (e.g., Red
Cell Storage Duration study, Age of Blood Evaluation trial) are
currently investigating this question.

Leucocyte-reduced red blood cells
Patients who have a history of febrile nonhemolytic transfusion
reactions, require cytomegalovirus-negative blood, are at risk
for HLA alloimmunization, or are receiving an exchange trans-
fusion should receive leukocyte-depleted RBCs. These RBC
units are prepared with special filters that remove ≥ 99.99% of
white blood cells (WBCs) prior to storage. Leukoreduction is
usually effective in preventing febrile nonhemolytic transfusion
reactions and also has been shown to be effective in decreas-
ing platelet alloimmunization and cytomegalovirus transmis-
sion.The filtration system used will remove some portion of the
other cellular components present but the RBC unit should still
have a therapeutic efficacy equal to at least 85% of the origi-
nal component. Leukoreduction does not prevent graft-versus-
host disease (GVHD). Cryoprecipitate and FFP do not contain
significant numbers of viable leukocytes, so leukoreduction is
unnecessary.

Washed red blood cells
Patients who have a history of severe reaction to transfusion,
such as anaphylactoid reactions, should receive washed RBCs.
RBCs are washed using 0.9% sodium chloride to remove almost
all IgA (99%) and other plasma proteins and WBCs. This may
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not be sufficient to prevent hypersensitivity reactions, so blood
collected froman IgA-deficient donormaybeneeded to support
an IgA-immunized patient. Because units are typically washed
using an open system, washed products must be transfused
within 4 hours of preparation. The wash process reduces RBC
content by approximately 20%.

Frozen red blood cells
RBC units with rare antigen combinations and other require-
ments for extended storage can be frozen with the addition of
glycerol as a cytoprotective agent. Expired units that are rare
can be “rejuvenated” by washing in a biochemical solution, and
can then be glycerolized and frozen. These units are stored at
≤ −65◦C for up to 10 years. They must be washed with suc-
cessively lower concentrations of sodium chloride to remove
the glycerol prior to transfusion. These units contain at least
80% of the RBCs present in the original unit and have the same
expected posttransfusion survival.

Platelets
Platelet transfusions are indicated to prevent or treat bleeding
in patients with qualitative or quantitative platelet deficiencies.
Platelet concentrates (“random donor platelets”) are derived
from donated whole blood. First, a whole blood unit is gen-
tly centrifuged (“soft spin”) to produce a bag of platelet-rich
plasma (PRP) plus one unit of RBCs (see earlier). The PRP is
centrifuged a second time (“hard spin”) to produce a platelet
concentrate plus one unit of plasma. The platelet concentrate is
resuspended in 40 to 70ml of plasma and should contain amin-
imum of 5.5 × 1011 platelets. Platelet concentrates are stored at
room temperature (20◦–24◦C) with continuous gentle agitation
for up to 5 days. Platelet metabolic activity continues during
storage; agitation of platelet units facilitates gas exchange and
helps preserve the pH of the unit. Because platelets are stored at
room temperature, bacterial growth may occur during storage.
Rarely, septic transfusion reactions are observed, particularly in
immunocompromised recipients.

A single platelet concentrate is expected to increase the
platelet count of a 70-kg adult by 5 to 10,000/�l. Platelet con-
centrates are usually pooled into packs of four to six units of
platelets for transfusion in adults. Pooling requires entry into
the sterile units, so platelet concentrates are required to be
transfused within 4 hours of pooling. Low numbers of RBCs are
present in platelet concentrates. Rarely, Rh sensitizationmay be
induced if an Rh-positive platelet unit is transfused to an Rh-
negative recipient, but sensitization can be prevented by admin-
istering Rh immune globulin.

Most platelet units used in the United States are actu-
ally obtained via plateletpheresis, in which a therapeutic adult
dose can be harvested from a single donor (hence, “single-
donor platelets”). In plateletpheresis, whole blood is with-
drawn and centrifuged by an automated device, and the red
cells, leukocytes, and most plasma are returned to the donor.
Apheresis platelet units contain the equivalent of four to eight

whole-blood–derived platelet concentrates (at least 3 × 1011
platelets per unit in a volume of about 300 ml). Most apheresis
platelets contain �1× 106 leukocytes and can be labeled leuko-
cyte reduced. Apheresis platelet units contain very low numbers
of contaminating RBCs, typically �0.1 ml.

Blood banks strive to provide ABO-compatible platelet
units; however, transfusing ABO-compatible platelets is not
required. In rare cases, hemolytic transfusion reactions have
been seen as a result of high-titer isoagglutinins (e.g., anti–A
antibody) present in the donor plasma in the platelet unit.

Lower-than-expected posttransfusion platelet count incre-
mentsmay represent a refractory state.Nonimmune factors that
can cause refractoriness to platelets include fever, sepsis, med-
ications, disseminated intravascular coagulation (DIC), bleed-
ing, splenomegaly, hepatic veno-occlusive disease, and GVHD.
In a subset of cases, refractoriness to platelets is immune
mediated, which is generally the result of class I anti-HLA anti-
bodies in the recipient. These patients may respond to HLA-
matched platelets or crossmatched platelet units. Although
platelets express class I HLA antigens, transfusion recipients
are usually stimulated to make anti-HLA antibody not by the
platelets themselves, but rather by HLA-expressing leukocytes
present in the unit. Providing leukoreduced blood products has
been demonstrated to be highly effective in preventing HLA
alloimmunization.

Fresh frozen plasma
FFP is prepared by centrifuging a unit of whole blood. One unit
of FFP has a volume of approximately 225 ml (200–250ml) and
contains all clotting factors in normal concentrations (1 IU/ml),
as well as fibrinogen. FFP is frozen within 8 hours of collec-
tion to avoid degradation of coagulation factors (particularly
the labile factors V and VIII). ABO-compatible FFP is gener-
ally used, but transfusing ABO-compatible FFP is not required.
FFP is the primary source of replacement coagulation factors
for patients with multiple factor deficiencies, and is the compo-
nent most prone to inappropriate use.

Indications for the use of FFP include correction of bleeding
due to factor deficiencies (when specific factor concentrates are
not available) and states in which multiple factor deficiencies
must be corrected (e.g., massive hemorrhage and transfusion,
DIC, hepatic failure, acute reversal of warfarin therapy). These
deficiencies should be demonstrated by abnormal coagulation
studies (prothrombin time [PT] or activated partial thrombo-
plastin time. Minor prolongations of the PT and aPTT (�1.5
× the mean of normal range), volume expansion, and nutri-
tional support are not indications for FFP transfusion. Rever-
sal of warfarin should be treated with vitamin K rather than
FFP, unless more urgent correction is required (e.g., for ongo-
ing hemorrhage). There are advantages and disadvantages to
using Vitamin K versus FFP.The latter has the associated trans-
fusion risks, but its action is essentially instantaneous and it per-
mits the easy reestablishment of anticoagulation with warfarin.
With Vitamin K, there is no transfusion risk; however, its action
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Table 66.1. Summary of blood components

Blood
component Contents

Expected
increment

Time to receive
product,min Volume,ml Shelf life

RBCs RBCs with ∼25 ml of plasma; 100 ml of saline;
additive solution (adenine, mannitol); Hct 60%

Hct, 3% 10 (if T&S
complete)

340 42 d at 4◦C

Pooled platelet
concentrates

Platelets; includes some WBCs; 50 ml of
plasma, a few RBCs

5000–10,000
plt/µl/unit
(30,000–60,000 for
6-pack)

30 50
ml/concentrate;
300 ml/pool

5 d at 20◦C

Apheresis
platelets

Platelets; includes some WBCs; 300 ml of
plasma; a few RBCs

30,000-60,000 plt/µl 15 300 5 d at 20◦C

FFP Plasma proteins; all coagulation factors;
complement

Factor levels 3%/unit
FFP

30 225 1 y at –18◦C

Cryoprecipitate 200 mg of fibrinogen, at least 80 units of factor
VIII, von Willebrand factor, factor XIII,
fibronectin

Fibrinogen: 70 mg/dl
(pool of 10 units)

45 15 ml 1 y at –18◦C

requires hours to be manifest. In addition, a patient given Vita-
min K becomes temporarily very resistant to warfarin, and this
resistance decreases gradually over a period ofweeks.Therefore,
it becomes very difficult to establish a constant anticoagulant
effect with warfarin for weeks following a dose of Vitamin K.

One milliliter of FFP per kilogram of patient weight will
raise most clotting factors by approximately 1%, so one unit
of FFP will raise factor levels in a 70-kg adult by about 3%.
In clinically significant coagulopathy, one to two units of FFP
likely is inadequate.The amount of FFP needed depends on the
patient’s clotting factor levels, levels needed to achieve a ther-
apeutic effect, whether or not the patient is bleeding, and the
patient’s blood volume. FFP should be used as soon as possible
after (and always within 24 hours of) thawing.

Cryoprecipitate
Cryoprecipitate is a concentrate prepared by thawing FFP at 1◦

to 6◦C and isolating and refreezing the cold-insoluble precipi-
tate that forms. Each unit of cryoprecipitate contains about 80
units each of factor VIII and von Willebrand factor and about
200 mg of fibrinogen, as well as lesser quantities of fibronectin
and factor XIII. When needed, the unit is thawed, suspended in
normal saline, and often pooled for administration. It must be
used within 6 hours of thawing or, if pooled, within 4 hours.
Compatibility testing is not needed, nor is ABO or Rh type
specificity, although in infants, specificity is often observed if
trace amounts of A or B isoagglutinins are present (because of
their small blood volume).

Historically, cryoprecipitate was used for hemophilia and
vonWillebrand’s disease, although now virus-inactivated factor
concentrates are preferred. It is primarily used for control of
bleeding with hypofibrinogenemia, such as acute DIC with
bleeding. Each unit should raise the fibrinogen level in an adult
by 0.1 mg/kg/dl. It is often pooled so that 10 units provide
approximately enough fibrinogen to raise the fibrinogen 60
to 70 mg/dl in a 70-kg adult. Cryoprecipitate also is used for
the treatment of uremic bleeding, obstetric emergencies such
as abruptio placentae, and HELLP (hemolysis, elevated liver
enzymes, and low platelet count) syndrome, and rare factor

XIII deficiency. In general, it should not be used for other
indications.

Irradiated blood products
Viable transfused lymphocytes present in RBC or platelet units
can potentially respond to host antigens and cause transfusion-
associatedGVHD (TA-GVHD).Most cases have been observed
in immunocompromised recipients, as infused lymphocytes
are normally eradicated by a recipient’s immune system.
TA-GVHD is usually fatal. No effective therapy exists, but
TA-GVHDcan be prevented by blood product irradiation. Irra-
diated products must receive a minimum of 25 Gy of gamma
radiation at the center of the unit. Cryoprecipitate and FFP have
not been associated with TA-GVHD and do not require irra-
diation. RBC units that have been irradiated have a shortened
shelf-life of 28 days.

Absolute indications for irradiated components include
bone marrow transplant recipients (allogeneic, autologous), T-
cell immunodeficiency, intrauterine transfusions, transfusions
from any family member, or HLA-matched platelet transfu-
sions. Hematologic malignancies, lymphomas, and some solid
tumors (neuroblastoma and glioblastoma) are also indications
for irradiated products. Patients with solid tumors of most
types, those receiving chemotherapy, and those on other routine
immunosuppressive (chronic steroids or solid organ transplant
recipients) drugs do not typically require irradiated products.
However, TA-GVHD has occurred in patients on fludarabine;
therefore, patients on this agent should also receive irradiated
products. Because there is no effective treatment for TA-GVHD,
and because the list of indications for irradiation has expanded
over time, some institutions aremoving toward “universal” irra-
diation of blood products.

Pretransfusion testing and time to receipt
of blood components
The time required to receive blood when it is ordered depends
on the amount of pretransfusion testing required and lab-
oratory processing requirements. Pretransfusion testing can
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reduce or eliminate the risk of hemolytic reactions and other
types of transfusion reactions. Standards for testing are estab-
lished by the American Association of Blood Banks, as well as
local and national regulations.

ABO/Rh type
Once an adequate specimen arrives in the blood bank, pre-
transfusion testing begins with determination of blood type.
This phase takes about 10 minutes and involves determining
what ABO antigens are present on the patient’s RBCs (forward
typing) by mixing the RBCs with commercial antibody prepa-
rations of anti-A and anti-B antibodies. RhD antigen deter-
mination is also performed. The blood bank also tests for the
presence of expected ABO antibodies in the patient’s sera
(reverse typing).

Antibody screen
The patient’s serum is tested for the presence of unexpected
RBC antibodies to clinically significant red cell antigens. The
patient’s serum or plasma is mixed with commercially avail-
able reagent type O RBCs that express the 20 or so antigens
most commonly associated with hemolytic transfusion reac-
tions. The various stages of incubation conditions designed to
elicit agglutination or hemolysis require about 45 minutes. If
unexpected antibodies are discovered, the identification and
location of appropriate antigen-negative units may require sev-
eral hours or, in rare cases, days.

Crossmatch
Compatibility between a unit of RBCs and the patient’s serum is
assured via the crossmatch. If no antibodies are detected on the
antibody screen, the unitmay be crossmatched by the “immedi-
ate spin”method. Donor RBCs aremixed with recipient plasma
at room temperature, and the presence or absence of agglutina-
tion is noted. This test is done simply as a final check to rule
out ABO incompatibility. If a validated information system is
in use in the blood bank, an electronic crossmatch can replace
the immediate spin crossmatch procedure. If unexpected RBC
antibodies are identified on the screen, serologic crossmatching
must be performed.

If a patient has a current type and screen without unex-
pected antibodies, RBCs can be made available in about
10 minutes. If antibodies are present and unknown, finding
crossmatch-compatible units may take considerable time. If
the antibodies have been characterized, a serologic crossmatch
requiring 30 minutes must be performed.

In an emergency, un-crossmatched type O or type-specific
blood may be given. The risk of hemolytic reaction is low in
young patients (0.1% in patients �30 years old) but rises with a
history of transfusion, age, and female sex. In patients who have
received prior transfusions, the risk rises to 2% to 5% because
of the presence of abnormal antibodies to RBC antigens other
than A or B. A negative antibody screen decreases the risk of a
hemolytic transfusion reaction to 0.06%.

Fresh frozen plasma
FFP requires 20 to 30 minutes to thaw in a 37◦C water bath. No
compatibility testing is required.

Platelets
Apheresis platelets are ready immediately; pooling whole-
blood–derived platelet concentrates takes about 30minutes. No
compatibility testing is required.

Cryoprecipitate
Cryoprecipitate requires 45minutes to thaw and pool. No com-
patibility testing is required.

Blood substitutes
Blood substitutes using hemoglobin-based O2 carriers or inert
chemicals to deliver O2 to tissues are currently under investi-
gation. Perfluorocarbon solutions, which are chemically inert
but carry O2 in solution, are undergoing phase II and III clini-
cal trials in the United States and Europe. Hemoglobin-based
O2 carrier solutions (chemically modified human or bovine
hemoglobin that carries O2 in solution) are undergoing or have
completed phase III clinical trials in the United States. Poly-
heme (Northfield Labs, Evanston, IL), a hemoglobin-based car-
rier, is the only blood substitute to complete phase III clinical
trials, but was not approved for use by the FDA and is no longer
manufactured. Both perfluorocarbons and hemoglobin-based
O2 carriers have short plasma half-lives, and none currently is
licensed for use in North America.

Suggested readings
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Jonathan E. Charnin

Introduction
Perioperative blood transfusions comprise about two-thirds of
all transfusions in the United States. All anesthesiologists must
have expertisewith transfusion andmaintain open lines of com-
munication with their colleagues in transfusion medicine.

Current practices in blood transfusion utilize blood compo-
nent therapy. Whole blood is separated by centrifugation into
red blood cell (RBC) units, platelet concentrates, and plasma.
Plasma derivatives such as cryoprecipitate, albumin, pooled
clotting factors, and immunoglobulins may later be generated
from the separated plasma. Component therapy allows the
targeted treatment of anemia, thrombocytopenia, and coagu-
lopathy with the appropriate fraction of whole blood: RBCs,
platelets, or plasma, respectively. Component therapy also facil-
itates storage of blood components, screening for transmissi-
ble pathogens, and management of the blood supply. The most
commonly transfused blood components are RBC units (some-
times called packed RBCs or PRBCs) and fresh frozen plasma
(FFP).

Blood product transfusion is amedical intervention.When-
ever possible, informed consent must be obtained from the
patient before transfusion. It is mandatory to discuss preopera-
tively the likelihood of blood transfusion and its attendant risks
with patients undergoing surgery. Patients who refuse to receive
blood products may present additional anesthetic challenges.

Blood compatibility testing
RBCs express a variety of surface antigens that limit the com-
patibility of blood for transfusion between individuals. A collec-
tion of RBC antigens produced by a single genetic locus is called
a blood group. The ABO system is the most important blood
group (Table 67.1). The ABO gene on chromosome 9 encodes
a glycosyltransferase enzyme. An individual’s ABO type – A, B,
AB, orO – is dictated bywhich allelic forms of theABO gene are
inherited. The gene product of the A allele adds a terminal N-
acetylgalactosamine (GalNAc) residue to specific RBC surface
carbohydrates, forming the A carbohydrate antigen. The gene
product of the B allele instead adds a galactose residue to the
exact same substrates. The O allele encodes a truncated, non-
functional protein – neither A nor B antigen is generated on
the RBC surface.

An ABO-incompatible RBC transfusion may cause an
immediate, life-threatening hemolytic transfusion reaction.
Continuous exposure to ubiquitous environmental antigens
that are structurally similar to the ABO antigens ensures that
all recipients have circulating preformed antibodies against the
ABO antigens their own RBCs lack. For instance, individuals
who are type B always form potent, complement-fixing anti-A
antibody – without ever having been exposed to type A RBCs
through transfusion or pregnancy. Patterns of compatibility
between recipients of a known blood type and donor blood
products are worth committing to memory (Table 67.2). When
transfusing RBCs, the preformed anti-ABO antibodies in the
recipient are the limiting factor for transfusion. Because type O
blood lacks A and B antigen, it is the “universal donor” RBC
type. When transfusing plasma products (FFP and platelets),
preformed anti-ABO antibodies in the donor plasma are the
limiting factor for transfusion, so type AB plasma is the “uni-
versal donor” plasma type.

To determine a patient’s blood type, the patient’s RBCs
are mixed with anti-A and anti-B reagent antibodies to
provoke visible agglutination (antibody-mediated clumping).
RBCs expressing A or B antigens will agglutinate when mixed
with the appropriate antibody. This process is called “forward”
blood typing. To confirm the forward typing results, the blood
bank also tests for the expected presence of the appropriate anti-
ABO antibodies in the recipient’s plasma. This is called “back
typing.” Both forward typing and back typing are used to deter-
mine a patient’s blood type.

There are many blood group antigens outside the ABO
system. In most cases, these antigens represent immunogenic

Table 67.1. Blood type frequencies by percentage and skin color

ABO Whites Blacks

O 45 49
A 40 27
B 11 20
AB 4 4

Adapted from American Association of Blood Banks. (2005). Technical
manual (15th ed.). Bethesda, MD: American Association of Blood Banks.
Table 13–1, p. 290.
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Table 67.2. ABO compatibilities for transfusion of PRBCs and FFP

Recipient
blood type

ABO–compatible
PRBC donor
blood types

ABO–compatible
FFP donor blood
types

O O AB, A, B, O
A A, O A, AB
B B, O B, AB
AB AB, A, B, O AB
Rh+ Rh+ , Rh− Rh+
Rh− Rh− Rh+ , Rh−

epitopes present on the extracellular portions of RBC mem-
brane proteins. Most of these antigens are created by single
nucleotide polymorphisms in the genome. Unlike the case with
ABO antigens, prior exposure through blood transfusion or
pregnancy is usually necessary for a patient to form antibodies
to these antigens. Five blood group systems account for most
of the clinically significant transfusion reactions that occur: the
Rh blood group system, the Kell system, the Duffy system, the
Kidd system, and the MNS system. After ABO, the Rh system
is the most important blood group. Rh antigens are expressed
on proteins encoded by two closely linked genes on chromo-
some 1. The RhD gene encodes the D antigen; the RhCE gene
encodes the C, c, E and e antigens. The D antigen is extraor-
dinarily immunogenic: approximately 80% of D-negative indi-
viduals will form anti-D antibody following a single D-positive
RBC transfusion. For this reason, transfusion recipients are rou-
tinely matched for RhD in addition to ABO. Individuals whose
RBCs express the D antigen are referred to as “Rh positive”;
those lacking theD antigen are called “Rh negative.” Other clin-
ically important RBC antigens include the K antigen (Kell sys-
tem), Fya and Fyb (Duffy system), Jka and Jkb (Kidd system),
and S (MNS system).

When a patient is exposed to a foreign RBC antigen through
transfusion or pregnancy, the patient may form an alloantibody
to that antigen – for example, anti-K or anti-E. This primary
sensitization is almost never associated with any clinical con-
sequences. However, upon reexposure to the same antigen, a
vigorous secondary immune response may occur. If reexposure
to the antigen is via blood transfusion, the transfused, antigen-
positive units may be cleared rapidly from the circulation of
the recipient, resulting in an acute or delayed hemolytic reac-
tion (see later). If reexposure to antigen occurs via fetomaternal
hemorrhage during pregnancy, hemolytic disease of the new-
born may be caused by these antigens when the mother trans-
fers to the fetus maternal antibodies that recognize and cause
hemolysis of the fetal red cells that carry other blood group anti-
gens inherited from the father.

Prior to transfusion, a patient in need of a blood trans-
fusion should have a sample of his or her blood sent to the
blood bank. The blood bank first determines the patient’s ABO
type as described earlier. The patient’s RhD status (positive
or negative) is determined simultaneously. Next, an antibody
screen is performed to test the patient’s plasma for “unexpected”

anti-RBC antibodies (antibodies against non-ABO RBC anti-
gens).The antibody screen is an example of an indirect antiglob-
ulin test (i.e., indirect Coomb’s test). In the antibody screen,
patient plasma is incubated with two or three different type
O reagent RBCs that have been phenotyped for the 20 or so
RBC antigens that cause the vast majority of non–ABO-related
hemolytic reactions. The reagent RBCs are chosen so that at
least one example of each of the most important RBC anti-
gens from the Rh, Kell, Duffy, Kidd, and other blood group
systems is present. During the incubation step, anti-RBC anti-
bodies in the patient’s plasma will bind to the cognate antigens
on the reagent RBCs. These antibodies, if present, are usually
IgG, so they will not agglutinate the reagent RBCs directly.
Therefore, to detect the antibodies, antihuman globulin (AHG,
or Coomb’s reagent) must be added. AHG is antibody directed
against human IgG. AHG will crosslink the reagent RBCs if
they have been coated with recipient antibody, causing visible
agglutination. If no agglutination is observed with AHG, the
antibody screen is reported as negative. If agglutination is seen,
however, the blood bank must perform further testing to deter-
mine the specificity of the patient’s RBC antibody (or antibod-
ies). It is important to be aware that this testingmay take several
hours to days, depending on the antibodies present. If it is
determined the patient has clinically significant RBC antibodies
(capable of causing decreased RBC survival), RBC units lack-
ing the appropriate antigens are selected for transfusion. The
final step in pretransfusion compatibility testing is the cross-
match. If the patient’s antibody screen is negative, an “immedi-
ate spin” crossmatch is done: recipient plasma is mixed with an
aliquot of the RBCs intended for transfusion, and the sample is
checked for agglutination. This test will detect only IgM anti-
body, so it essentially just serves as a last-minute confirmation
that the patient’s plasma and donor RBCs are ABO compati-
ble (i.e., no ABO error has been made). At many institutions,
the “immediate spin” crossmatch is actually omitted. An “elec-
tronic crossmatch” is performed instead – a validated computer
system ensures that ABO-compatible units are being issued. If
a patient does have a positive antibody screen, a more sensitive
AHG crossmatch (“Coomb’s crossmatch” or “full crossmatch”)
must be performed to ensure RBC compatibility.

Life-threatening hemorrhage will occasionally not wait for
blood typing and crossmatching. In the most emergent circum-
stances inwhich no delay is appropriate, typeOnegative PRBCs
can be used as universal donor blood without waiting for blood
typing or crossmatching. Only for male patients is it permissi-
ble to transfuse O positive PRBCs for emergency use. In urgent
situations in which transfusion can be delayed by 5 to 15 min-
utes, it is preferable to have the patient’s blood sample sent to
the blood bank for blood typing. Once the patient’s blood type
is known, un-crossmatched PRBCs of the same type with an
appropriate Rh status, or type-specific blood, can be used to
meet the needs of emergency transfusion. When the need for
transfusion is not immediate, fully crossmatched PRBCs should
be used. In emergency situations, universal donor FFP, which
comes from type AB donors, can be used. Because it takes 30
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to 45 minutes to thaw FFP, and blood typing can be performed
rapidly, it is unusual to require universal donor FFP.

Platelets express ABO antigens, but they may be given with-
out an ABO match. ABO-incompatible platelet transfusions
have a reduced survival time in comparisonwithABO-matched
platelets, but this may not be of clinical importance in some
settings.

Reactions and complications
of blood transfusion
Blood component transfusions may be lifesaving, but they may
also produce life-threatening complications. Anesthesiologists
should focus on preventing complications of blood transfu-
sion by transfusing blood components only when indicated
and scrupulously attending to good transfusion techniques.
Some immediate complications of transfusion can be recog-
nized before the transfusion is complete, and it may be possible
to limit the morbidity of a transfusion reaction by interrupting
the transfusion. Transfusion reactions may be difficult to iden-
tify in patients who are anesthetized. Therefore, it is important
to bemindful of adverse events and complications during trans-
fusions, especially when transfusing emergency-released blood
productswhen the donor bloodhas not been fully crossmatched
with the recipient’s blood.

Acute hemolytic transfusion reaction
ABO-incompatible red cell or FFP transfusions cause an imme-
diate hemolytic transfusion reaction. Hemolytic transfusion
reactions also may occur with some of the other blood group
antigens, when red cells with particular antigens are transfused
to a patient who has already been sensitized to those antigens.
During a hemolytic transfusion reaction, a recipientmay report
pain at the infusion site, chest pain, dyspnea, and flank pain.
He or she also may experience fever, rigors, and hypotension.
Red urine, colored by free hemoglobin, and coagulopathyman-
ifesting as diffuse bleeding at the surgical site may be observed.
Acute hemolytic transfusion reactions produce red cell lysis by
anti–red cell antibodies provoking both intravascular aggluti-
nation of red cells and fixing the complement system to the red
cell. These reactions are life threatening and require discontin-
uation of the transfusion and prompt measures to support the
patient. (See Table 67.3 on management of hemolytic transfu-
sion reaction.)

Delayed hemolytic transfusion reactions
Delayed hemolytic transfusion reactions usually happen 3 or
more days after PRBC transfusion. In these reactions, the recip-
ient has an undetected antibody that coats the donor red cells
and leads to hemolysis, usually in the reticuloendothelial sys-
tem. These reactions may be asymptomatic or may produce
anemia and jaundice a few days after a blood transfusion. Inves-
tigating delayed (and acute) hemolytic reactions by the blood
bank is done by (1) rechecking identification of the patient

Table 67.3. Management of a suspected acute hemolytic transfusion
reaction

Stop the transfusion, save the remaining blood product for testing

Check for an obvious error in patient identity or blood product match

Support the patient’s circulation, treat hypovolemia and hypotension

If immediate transfusion is needed, give type O negative blood and AB +
FFP if needed

Send a new blood sample for crossmatch to the blood bank, along with the
remainder of the suspect unit for testing

Support the patient’s renal function with fluids and diuretics, starting with
furosemide and then mannitol if needed

Monitor the coagulation system for signs or laboratory values suggestive of
disseminated intravascular coagulation, and treat if needed

Send the patient’s blood for a direct antiglobulin test, free hemoglobin, and
haptoglobin; send urine for free hemoglobin

Modified from Table 34–2 in Clinical Anesthesia Procedures of the Mas-
sachusetts General Hospital, 7th ed., 2007, p. 612.

and transfused units, (2) checking for visual hemolysis (pink
or red discoloration) of the recipient plasma, and (3) perform-
ing a direct antiglobulin test (DAT, or “direct Coomb’s test”).
AHG is added to the recipient’s sample; if recipient IgG anti-
body has coated the transfused RBCs, the DAT will be positive.
The absence of visual hemolysis and a negative DAT essentially
exclude a hemolytic transfusion reaction.

Allergic reaction
Allergic reactions may occur when a recipient has a reaction to
an allergen in transfused blood products. Urticarial reactions
may complicate up to 3% of transfusions. Anaphylactic, ana-
phylactoid, or delayed allergic rashes are possible but rare. A
potential allergen is donor IgA antibodieswhen a recipient has a
congenital IgA deficiency. Allergic transfusion reactions are not
typically accompanied by fever. If an allergic reaction to transfu-
sion is suspected, the transfusion should be stopped. If the reac-
tion is limited to a rash, the transfusion may be restarted after
an antihistamine is given. Supportive care and treatment of ana-
phylaxis should be given promptly if anaphylaxis is suspected.
In some cases, it may be difficult to distinguish an anaphylactic
reaction to transfusion from an ABO-incompatible transfusion
or transfusion-related acute lung injury (TRALI). Patients with
a history of IgA deficiency or allergic reactions to blood transfu-
sion may benefit from having RBCs washed by the blood bank
in saline before administration.

Febrile nonhemolytic transfusion reaction
Fever is associated with several serious transfusion reactions,
including acute hemolytic transfusion reactions and transfu-
sion of blood products infected with bacteria and is noted in
about one in 300 red cell transfusions. When fever is asso-
ciated with transfusion, prompt attention and evaluation are
indicated. If there is no evidence of a serious complication,
the reaction is called a febrile nonhemolytic transfusion reaction
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(FNHTR). Fevers associated with transfusion are defined as a
rise of�1◦Cwithout any other explanation. FNHTRmay com-
plicate 0.5% to 6% of transfusions of non–leukocyte-reduced
red cells. Recipients with prior exposures either through trans-
fusions or gestations are at greater risk for having FNHTRs.
Treatment with acetaminophen is indicated. Meperidine injec-
tionmayhelpwith rigors. For patientswith a history of FNHTR,
use of leukocyte-reduced blood products may prevent future
reactions.

Transfusion-related acute lung injury
TRALI is a syndrome of dyspnea, hypoxia, and bilateral chest
radiograph abnormalities within 6 hours of blood product
transfusion. Multiple mechanisms appear to contribute to
TRALI, and it is one of the leading causes of transfusion-
related mortality. Most cases of TRALI appear to be caused
by donor antileukocyte or anti-HLA antibodies that recognize
recipient leukocytes or recipient HLA cell surface markers
and then activate an inflammatory response. The occurrence
of TRALI usually involves donor antibodies and therefore is
related to donor plasma. Although the small amount of donor
plasma transfused with PRBCs or cryoprecipitate may cause
TRALI, it is about 12 times more common with FFP and
eight times more common with platelet transfusions than with
PRBCs. Blood product donors who have been exposed to for-
eign HLA through prior transfusion or prior pregnancy are
more likely to have the antibodies that cause TRALI. For this
reason, there is interest in using onlymale donor plasma for FFP
transfusion.

Transfusion-associated circulatory overload
Blood product transfusion expands the intravascular space.
Transfusion of blood products in sufficient quantitymay induce
congestive heart failure, especially in patients prone to it. This
condition is referred to as transfusion-associated circulatory
overload (TACO). When congestive heart failure manifests as
respiratory distress, it may be difficult to differentiate TRALI
from TACO without an assessment of the cardiac filling
pressures.

Hypotensive response to transfusion with
angiotensin-converting enzyme inhibitor use
Patients who take angiotensin-converting enzyme inhibitors
(ACE-Is) are at risk for hypotensive reactions during PRBC
transfusions. ACE-Is block the metabolism of bradykinin in
addition to blocking the conversion of angiotensin. Bradykinin
is a vasodilatory nonapeptide. Leukocytes in cellular blood
products elaborate bradykinin that is infused with the blood
product.Theuse of bedside leukocyte reduction filters increases
bradykinin production and incidence of hypotensive reactions.
Because these patients cannot metabolize bradykinin because

of the actions of ACE-Is, they experience hypotension that may
be profound.

Stopping the transfusion and supporting the blood pressure
are the first priorities if this reaction is observed. ACE-I cessa-
tion prevents recurrence of the reaction.

Hyperkalemia
PRBCs in storage experience a leak of intracellular potassium
to plasma and the storage solution packaged with the red cells.
Because the volume of plasma and storage solution packaged
with the red cells is small, the potassium concentration in the
fluid may be very high, ≥30 mEq/L, and its magnitude relates
to the duration of red cell storage. Because the volume of the
plasma is low, the total potassium given with a transfusion of
red cells does not usually produce clinical hyperkalemia.Hyper-
kalemia ismore worrisomewhen transfusions are given quickly
or when the recipient is an infant or small child. During blood
transfusion, the acute widening of the QRS complex on electro-
cardiography is concerning for hyperkalemia. Prompt admin-
istration of calcium chloride may be necessary while other
measures to control the hyperkalemia are undertaken.

Patients who are at risk of experiencing hyperkalemia with
transfusion may benefit from having RBCs washed in saline by
the blood bank before administration.

Citrate toxicity
Citrate is used as an anticoagulant to prevent clotting during
the storage of blood products. Citrate’s anticoagulant action
is mediated by chelation of the extracellular calcium required
for coagulation. Typically, the citrate contained in blood prod-
ucts is quickly metabolized by the liver and, to a lesser degree,
by many other organs. Calcium stores in the body also may
be mobilized to restore blood calcium levels. During rapid
transfusion, massive transfusion, liver transplantation, or
hypothermia, or in patients already experiencinghypocalcemia,
an accumulation of citrate may cause a profound decrease in
ionized calcium that may producemuscle spasms, arrhythmias,
or cardiac dysfunction. Intravenous injection of calcium chlo-
ride and correction of volume status and body temperature are
recommended to treat the symptomatic decrease in ionized cal-
ciumdue to citrate intoxication. Calcium gluconate requires the
metabolism of the gluconate before the calcium is available and
therefore may not be effective in treating citrate toxicity.

Air embolus
Rapid administration of blood product, especially when using
positive pressure devices, has been associated with a life-
threatening iatrogenic venous air embolism. This should be
considered when hypotension complicates blood transfusions
infused with positive pressure. Care should be takenwhen spik-
ing blood product bags to minimize the volume of air in the
plastic bags.
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Table 67.4. Current risks of infection from test-negative blood

Components Risk

HIV-1 1 in 1,525,000–2,135,000
Hepatitis C virus 1 in 1,935 000
Hepatitis B virus 1 in 205,000–488,000
West Nile virus Approaching zero

Adapted from Stramer SL. Infectious risk from blood transfusion. Arch Pathol
Lab Med 2007; 131:703.

Infectious complications
Blood product transfusions may transmit life-threatening
infections. Transmission of viral and bacterial infections is of
particular concern to physicians and patients. Transmission of
blood-borne parasitic diseases such as malaria or prions such
as those that cause Creutzfeldt-Jakob disease has been reported
but is exceedingly rare. Testing for viral illnesses has substan-
tially reduced the risk of transfusion-related viral transmission,
especially since the introduction of nucleic acid amplification
testing in 1999.

Bacterial contamination of blood products is not common,
but it may produce an immediate septic reaction during trans-
fusion. Platelets stored at room temperature are more com-
monly infected than other blood products, in which the rate of
septic transfusion is one in 33,000 units transfused.

Screening blood donors and testing donated blood for viral
contamination reduce but do not eliminate the transmission
of viral illness. Some viruses, such as cytomegalovirus, may be
transmitted less frequently through leukoreduced blood prod-
ucts. See Table 67.4 for rates of transmission.

Transfusion-associated graft-versus-host disease
Transfusion-associated graft-versus-host disease (TA-GVHD)
is caused by donor lymphocytes engrafting in the recipient
and attacking his or her tissues. This is a very rare but often
fatal complication that is seen more commonly in immunosup-
pressed recipients. Leukocyte reduction filters do not eliminate
the risk of TA-GVHD, but pretreatment of blood products with
radiation is preventive.

Transfusion-related immunomodulation
Red cell transfusions modulate the immune response,
particularly the innate immunity.Themechanisms of immuno-
suppression are still unclear. The deleterious effects of this
immunosuppression may contribute to increased rates of
hospital-acquired infections in trauma patients, as well as
increased rates of cancer recurrence after surgical resection.
The work by Carson and his colleagues suggests that there is
a dose–response relationship between perioperative transfu-
sion and postoperative infectious complications in patients
undergoing hip fracture repair.

Transfusion triggers
Morbidity and mortality are associated both with unnecessary
transfusion and uncorrected critical anemia. The desire is to
transfuse when the benefits are thought to outweigh the risks.
Debate continues about what degrees of anemia, coagulopathy,
and thrombocytopenia should prompt a transfusion. It appears
there is no one laboratory value, or transfusion trigger, that is
an appropriate guide to transfuse for all patients. Few data from
randomized prospective trials are available to guide the trans-
fusion decision. Often, a clinician must consider the comorbid
illnesses of the patient, the patient’s vital signs, the potential for
hemorrhage, and data from physiologic studies when deciding
when to transfuse.

RBCs and their hemoglobin are the vehicles for oxygen
transport in the body. During anemia, blood viscosity decreases
and the ability of blood to transport oxygen may increase.
Optimization of oxygen-carrying capacity with respect to
hemoglobin concentration and viscosity appears to occur in
healthy subjects when the hemoglobin is 10 g/dl. Outdated
transfusion dogma suggested treating anemia with blood trans-
fusion to keep the hemoglobin �10 g/dl. Most patients tolerate
hemoglobin levels between 7 and 9 g/dl without additionalmor-
bidity or mortality. Observational studies and small prospec-
tive trials have not demonstrated benefit for using transfusion
triggers above 9 g/dl, with the exception of patients who are
experiencing an ST elevation myocardial infarction. Transfu-
sions of PRBCs are rarely indicated when the hemoglobin is
�10 g/dl.

Healthy volunteers can survive profound normovolemic
anemia without lasting harm, but their cognition is impaired
when the hemoglobin reaches 5 g/dl. Observations of patients
who experienced perioperative anemia and refused blood
transfusion suggests that postoperative mortality increases
when hemoglobin concentrations are �6 g/dl. To prevent this
anemia-related mortality, transfusion of PRBCs is indicated
when a patient’s hemoglobin is below 7 g/dl. During active hem-
orrhage, it may be difficult to achieve a hemoglobin target. A
transfusion trigger of 8 g/dl during active hemorrhage is a rea-
sonable target to provide red cell margin during ongoing hem-
orrhage.

Hebert and his colleagues published the largest prospec-
tive trial evaluating red cell transfusion triggers. They ran-
domly assigned 838 euvolemic intensive care unit patients with
hemoglobin levels � 9 g/dl to a restrictive or a liberal transfu-
sion strategy.The restrictive grouphadhemoglobin levelsmain-
tained by transfusion in a range of 7 to 9 g/dl, whereas the
liberal group had their hemoglobin maintained in a range of 10
to 12 g/dl. The primary end point of 30-day mortality showed
no statistical difference in mortality between the groups. The
patients in the restrictive strategy group received 53% fewer
red cell transfusions than patients in the liberal strategy group.
Subgroup analyses suggest there may be additional survival
benefit from restrictive transfusion in patients with less severe
illness. However, because of possible selection bias, the results
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Table 67.5. Cryopreciptate dosing formula

Milligrams of fibrinogen needed = [weight (kg) × 70 ml of blood/kg ×
(1 – hematocrit) × (desired fibrinogen in mg/dl – starting fibrinogen in
mg/dl)/100 ml/dl])

Bags of cryoprecipitate needed = milligrams of fibrinogen needed/250 mg
of fibrinogen per bag of cryoprecipitate

Modified from American Association of Blood Banks. (2005). Technical
Manual (15th ed.). Bethesda, MD: American Association of Blood Banks,
p. 501.

of this trial may not be applicable to patients with active coro-
nary ischemia.

Acute coagulopathy may require both administration of
clotting factors and platelet transfusion to correct thrombo-
cytopenia. Clotting factor deficiencies and reversal of war-
farin anticoagulation are commonly treated with transfusion
of FFP; 10 to 15 ml of FFP per kilogram of body weight can
be transfused to rapidly correct anticoagulation with warfarin.
Hemostasis is usually normal when coagulation factors remain
above 30% of their normal level. The clotting factor fibrino-
gen requires about 50% of its normal 200 to 400 mg/dl level to
produce normal clot formation. Intraoperatively, transfusion of
FFP likely will produce no benefit until the prothrombin time
or activated partial thromboplastin timetime is prolonged to
�1.5 times reference values, or when blood loss exceeds one
blood volume. During active hemorrhage, many anesthesiol-
ogists begin to transfuse FFP when 4 or 6 U of PRBCs have
been transfused. When clotting factors are depleted and mas-
sive transfusion is ongoing, FFP is often transfused in a 2:1 ratio
of PRBCs to FFP. Some authors advocate earlier transfusion of
FFP and PRBCs-to-FFP ratios of 3:2 or 1:1 during the resusci-
tation of hemorrhage from major trauma.

Cryoprecipitate contains the concentrated clotting factors
VIII, XIII, von Willebrand, and fibrinogen that precipitate out
when FFP is thawed at a temperature of 4◦C. Currently, cryo-
precipitate is commonly used for the treatment of hypofibrino-
genemia, and the dose required to correct the fibrinogen can
be estimated using a formula (Table 67.5). Cryoprecipitate may
also be used to treat hemorrhage due to hemophilia A or von
Willebrand disease, but commercially available factor concen-
trates are better therapies for these coagulopathies.

Sufficient platelet number and adequate platelet function are
both important in forming an effective clot. Platelet transfusion
can be undertaken to treat thrombocytopenia.The effectiveness
of treating platelet dysfunction with transfusion depends on the
cause of the platelet dysfunction, but it is oftenmore effective to

treat the cause of the platelet dysfunction. In the surgical setting,
thrombocytopenia without platelet dysfunction should affect
hemostasis only when the platelet count is�50,000/mm3. Peri-
operative platelet transfusion is indicated to keep the platelet
count � 50,000/mm3. Neurosurgical or ophthalmologic oper-
ations, in which small bleeding may create a poor outcome,
may merit a platelet transfusion threshold of 80,000 or 100,000
platelets/mm3.
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Chapter

68 Massive transfusion
Amy J. Ortman and Susan Vassallo

Massive transfusion is a relatively infrequent event, although
the precise incidence is unknown, perhaps in part because of the
variable definitions formassive blood loss and transfusion. Some
authors arbitrarily definemassive transfusion as the administra-
tion of at least 8 to 10 units (U) of blood transfused within a
12-hour period. Other definitions are the replacement of one
blood volume within 24 hours, or the replacement of half of a
patient’s blood volume in 3 hours. Yet another, more dynamic,
definition is the transfusion of ≥4 U of packed red cells within
1 hour when there is a high likelihood of ongoing need for fur-
ther transfusion.

Regardless of the definition used, massive hemorrhage and
the requisite massive transfusion comprise a clinical situation
that presents a unique challenge to anesthesiologists. Although
there is no substitute for prompt and appropriate surgical man-
agement to limit blood loss, anesthesiologists must be prepared
to direct a large-volume resuscitation and have a ready, working
knowledge of the issues involved.

Epidemiology and clinical context
Elective surgeries
Within hospitals, the most common cause of massive blood
loss and transfusion are surgical procedures. Populations par-
ticularly at risk include those undergoing cardiopulmonary or
vascular procedures, liver transplantation or resection, major
orthopedic procedures, or emergency obstetric surgery. In the
elective setting, resuscitation frequently begins with crystal-
loids, and then quickly shifts to blood products as the blood
loss increases. Despite the volume of literature on the subject of
transfusion, there are no precise guidelines outlining the appro-
priate time to transition from crystalloid resuscitation to blood
product transfusion. Clinicians determine the timing by incor-
porating factors such as the patient’s comorbidities, clinical
evidence of perfusion, oxygenation and clotting ability, and
anticipation of ongoing surgical losses.

Trauma
Trauma patients comprise a significant portion of patients who
receive massive transfusions. Hemorrhage is the second lead-
ing cause of death following severe injury, andmortality among
patients who have acute massive blood loss and transfusion

within the first 24 hours of presentation may be as high as 70%.
Although the percentage of trauma patients who require a mas-
sive transfusion is relatively small, this population accounts for
most blood products transfused at a trauma center. In one ret-
rospective study linking blood bank use to trauma admissions,
only 9% of all trauma admissions received blood products and
of those, about 30% had a massive transfusion. Despite rep-
resenting a small fraction of the total trauma admissions, the
patients who received massive transfusions accounted for more
than 72% of all the red blood cells (RBCs) used in the trauma
center.

In the setting of trauma, massive transfusion within the first
24 hours is correlated with increased severity of injury, fail-
ure to control hemorrhage, and lower Glasgow coma scores,
all of which contribute to the ongoing blood requirement and
a greater mortality. Further complicating the clinical picture
are the comorbidities that are frequently present when trauma
patients arrive: hypothermia, hemorrhagic shock, acidosis, and
coagulopathy.

Table 68.1 outlines some of the differences in massive trans-
fusion between elective surgery and trauma situations.

Coagulopathy
Coagulation is a complex process of clot formation following
vascular injury involving platelets and clotting factors, and
results in hemostasis. Abnormal coagulationmay occur because

Table 68.1. Differences in massive transfusion between elective surgery
and trauma situations

Elective surgery Trauma

Tissue trauma Controlled Extensive and uncontrolled

Volume status Normovolemic Hypovolemic shock
common

Temperature Normothermic Hypothermia common

Laboratory studies Drawn regularly and
frequently

Drawn late

Initiation of massive
transfusion

Little or no delay in
initiation of transfusion
following hemorrhage

Transfusion may be
significantly delayed
following hemorrhage

Coagulopathy Usually dilutional Disseminated intravascular
coagulopathy, dilutional,
or coagulopathy of trauma
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of inherited or acquired factor deficiencies, medications,
hypothermia, acidosis, dilution and consumption of clotting
factors, the use of fractionated blood products, or disseminated
intravascular coagulation (DIC). When patients receive a
massive transfusion, anticipation, recognition, and prompt
intervention are essential to prevent development of a coagu-
lopathy, further blood loss, and the resultant complications.

Hemodilution
Both trauma patients and patients undergoing elective surgery
are at risk for the development of a dilutional coagulopathy.
Although there is tremendous reserve and clotting factors may
be decreased to approximately 30% of normal without clini-
cal consequence, initial and ongoing resuscitation with crys-
talloids, colloids, or RBCs may lead to a deficiency of factors
necessary for normal coagulation. Additionally, some synthetic
colloid solutions may also act via platelet inhibition to further
compromise coagulation.

Another important consideration is the role RBCs play
in hemostasis. Erythrocytes help activate platelets by release
of adenosine diphosphate and activation of platelet cyclooxy-
genase. RBCs also contribute to the margination of platelets
against the vessel wall and thus affect their ability to act at the
site of a vascular lesion. Experimental evidence suggests that in
patients receiving massive transfusions, relatively high hemat-
ocrits – as high as 35% –may be required to sustain hemostasis.

Administration of fractionated blood products
Historically, administration of whole blood or modified whole
blood was common and dilutional coagulopathies were rarely
reported. Since then, whole blood therapy has been replaced by
component therapy, largely because of storage impediments to
the former and more efficient use of the components. Although
component therapy is effective, massive resuscitation with frac-
tionated blood products predisposes patients to hemodilution
and development of a dilutional coagulopathy. When packed
RBCs (PRBCs), fresh frozen plasma (FFP), and leukoreduced
platelets are separated from whole blood, half of the platelets
are lost, and the cells and clotting factors are diluted by anti-
coagulant and RBC nutrient solutions. Mixing the components
at the classic 1:1 ratio essentially makes a reconstituted whole
blood with a hematocrit of 29%, a platelet count of 88,000, and
clotting factor activity of 62%.

Hypothermia
The coagulation cascade is largely a series of enzymatic reac-
tions. Hypothermia slows the activity of the enzymatic pro-
cess, reduces the synthesis of coagulation factors, increases
fibrinolysis, and affects platelet function. The contribution of
hypothermia to coagulopathy may be underestimated in rou-
tine testing because the laboratory studies are usually per-
formed at a temperature of 37◦C. Hypothermia, which is
typically defined as a core temperature of�35◦C, is a significant
problem in the trauma population; Ferrara et al. reported that

hypothermia occurred in 80% of nonsurvivors and 36% of sur-
vivors in a series of 45 trauma patients. Further, hypothermia
combined with trauma is associated with a worse prognosis
than either insult alone.

Acidosis
Massive blood loss and resuscitation occur in patients who
may also be in hemorrhagic shock. Hemorrhagic shock pre-
disposes patients to hypoxia, anaerobic metabolism, and acido-
sis. Although the mechanism is not clear, the evidence is that a
pH � 7.10 is associated with significant coagulopathy.

Disseminated intravascular coagulation
and coagulopathy of trauma
By definition, DIC is an acquired, inappropriate, systemic acti-
vation of thrombin and deposition of fibrin with consumption
of platelets and coagulation factors. In the setting of elective
surgery, DIC accompanying massive transfusion is relatively
uncommon. However, trauma patients are at risk for the
development of a consumptive coagulopathy for three reasons.
The first relates to tissue trauma such as central nervous system
injuries or bone fractures with embolization of tissue; these
microembolic events lead to consumption of tissue factor and
inappropriate initiation of the coagulation cascade. Traumatic
brain injuries also cause release of tissue thromboplastin into
the circulation, rapidly resulting in activation of the extrinsic
coagulation pathway. Last, significant soft tissue trauma also
leads to consumption of platelets and thrombocytopenia. In
each case, intravascular consumption of coagulation factors
results in the development of a coagulopathy, and more
specifically DIC.

Within the trauma literature, a second formof coagulopathy
is described.The coagulopathy of trauma is a syndrome of non-
surgical bleeding associated with serious injury, hypothermia,
acidosis, hemodilution, and occasionally DIC. Coagulopathy of
traumamay occur in the setting of depleted coagulation factors,
or in the setting of normal levels but dysfunctional coagulation
factors. In a recent series review of 58 trauma patients without
major brain injury or preexisting coagulopathy who required
massive transfusion, four risk factors for the development of
coagulopathy were identified using multiple logistic regression
analysis. They are, in order of importance, pH � 7.10 (relative
risk [RR], 12.3), core temperature�34◦C (RR, 8.7),mean injury
severity score �25 (RR, 7.7) and a systolic blood pressure �70
mmHg (RR, 5.8). Patients without any risk factors had a 1% risk
of coagulopathy, a single risk factor was associated with a 10%
to 40% risk, and a combination of all four was associated with a
98% risk of coagulopathy.

Prevention of coagulopathy
The basic tenets of a massive transfusion and resuscitation
require that one pay attention to the factors that contribute to
or exacerbate a coagulopathy. Anesthesiologists should strive
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for normovolemic resuscitation, and regularly send studies to
evaluate oxygen delivery, hemoglobin, acid–base status, and
coagulation status. Failure to normalize these parameters may
result in inappropriate activation of the clotting cascade and
subsequent hemorrhage. It is also important to remember that
even when these parameters are controlled, activation of the
clotting cascade may still occur from tissue trauma alone.

Management
The basic goals of the management of massive transfusion are
maintenance of tissue perfusion and oxygenation by preserva-
tion of blood volume and hemoglobin; judicious use of blood
component therapy; avoidance of acidosis, hypothermia, and
coagulopathy; and surgical control of the bleeding.

The essential equipment and components necessary for
massive transfusion will vary depending on the clinical sit-
uation, patient comorbidities, and practice style, but should
include the following:
1. Adequate intravenous (IV) access (large-bore peripheral

IV line, rapid-infusion catheter, and/or central venous
introducer)

2. Standard American Society of Anesthesiologists (ASA)
monitors and arterial line (for invasive hemodynamic
monitoring and lab draws), with or without a central line
(for invasive hemodynamic monitoring, infusions, and/or
medication administration)

3. Warming blankets
4. Fluid warmers and/or a rapid-infusion device
5. Adequate blood products (PRBCs, FFP, cryoprecipitate,

platelets)
6. Ready access to laboratory results

Resuscitation for elective surgery
TheASAhas published guidelines on perioperative blood trans-
fusions. Although these recommendations do not specifically
address massive transfusions, they are useful to review, particu-
larly those regarding blood loss and transfusion in the setting
of elective surgery. The members of the guideline committee
agreed that RBCs should usually be givenwhen the hemoglobin
is �6 g/dl and are usually not necessary when the hemoglobin
is �10 g/dl, and that between the two values, clinical judg-
ment should be applied to determine the need for a transfu-
sion.The guidelines suggest that platelets be administeredwhen
the platelet count is �50,000/dl. The committee recommends
checking coagulation studies, if possible, prior to the transfu-
sion of FFP. FFP transfusion is indicated for a prothrombin time
(PT) � 1.5 times normal or for an activated partial thrombo-
plastin time (aPTT) � 2 times normal and should be given in
doses calculated to achieve a minimum of 30% of plasma fac-
tor concentrations. Last, the ASA’s recommendations regarding
cryoprecipitate are to administer it when the fibrinogen level is
�80 to 100 mg/dl.

In the setting of elective surgery, tissue trauma is controlled
and thus less extensive; blood loss is usually more predictable,

and patients are kept normothermic and normovolemic. Resus-
citation is initially started with crystalloids and colloids to
maintain normovolemia. As the blood loss becomes more sig-
nificant, PRBCs are administered, followed by FFP and platelets
– typically as guided by laboratory studies. Thus, coagulopathy
is less common, and if it occurs, it is usually dilutional in ori-
gin. In a study of elective surgical patients, when normovolemia
and a normal hemoglobin were maintained, abnormalities of
the PT and the aPTT were found to occur after the transfusion
of 12 U of PRBCs, and thrombocytopenia did not occur until
after transfusion of 20 U. Similarly, in a study of ASA I and ASA
II patients undergoing elective surgical procedures and resusci-
tated with plasma-poor RBC concentrates, critical hemostatic
levels of fibrinogen and platelets were calculated to occur at
losses of 1.42 and � 2 calculated blood volumes, respectively.

Resuscitation for trauma
As noted previously, massive blood loss and transfusion in a
trauma patient is different from that in a patient undergoing an
elective surgical procedure, for the following reasons: The ini-
tial resuscitation may be significantly delayed and is frequently
complicated by hypothermia, acidosis, hypovolemic shock, and
a predisposition to DIC. Prior to arrival at the hospital, patients
typically receive only crystalloids, and even after arrival, the
administration of RBCs may be delayed while blood typing is
performed. The delay will be even greater for FFP and platelets
because of the length of time required to thaw, prepare, and
issue type-compatible products.

Traditionally, trauma transfusion protocols have called for
4 to 6 U of RBCs prior to administration of FFP. These empiric
guidelines are based on washout equations and models that
assume a stable circulating volume, which is almost never
present in severely injured trauma patients who receivemassive
transfusions.Additionally,many of the initial studies andproto-
colswere developedwhenwhole bloodormodifiedwhole blood
products were the standard of care. More recently, the medical
literature on massive transfusion in trauma suggests that coag-
ulopathy is common and, once present, is difficult to correct.
Early and intensive therapy with plasma and platelets appears
to be associatedwith better patient outcomes. A reasonable goal
is to keep the international normalized ratio (INR) � 1.7, rec-
ognizing that in the setting of massive transfusion, the INR is
unlikely to be normal.

Hirshberg et al. developed a mathematical model that
captures the interactions among bleeding, hemodynamics,
hemodilution, and replacement as they happen during massive
hemorrhage. They investigated the time interval to the subhe-
mostatic values of coagulation studies for a range of replace-
ment strategies. Their model demonstrates that the sentinel
event for the development of coagulopathy is the prolonga-
tion of the PT (to �1.8 times normal) and it occurs early in
the resuscitation. To prevent coagulopathy, the optimal replace-
ment ratios are 2 U of FFP for every 3 U of PRBCs, or concur-
rent transfusion of FFP and PRBCs. In a retrospective review of
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trauma patients who received a massive transfusion within the
first 24 hours of admission to the intensive care unit (ICU) of a
single hospital, transfusion with a traditional protocol (6 U of
RBCs prior to FFP administration) before ICU admission was
associated with coagulopathy and the severity of the coagulopa-
thy was correlated with mortality. Following ICU admission
and initiation of resuscitation using a 1:1 ratio of FFP to RBCs,
the coagulopathy improved. The authors concluded that more
aggressive early intervention to correct coagulopathy might be
effective in decreasing blood requirements and improving out-
comes. Similarly, Malone et al. suggested that the prevention
of coagulopathy is superior to its treatment, and in trauma
patients at risk for massive transfusion, a ratio of 1:1:1 (RBCs
to FFP to platelets) appears to be associated with improved
outcome. While provocative, these and similar studies are lim-
ited by their retrospective nature. Currently, it remains unclear
whether patients survived because they received more plasma,
or whether the patients who were less ill after trauma simply
lived long enough for plasma to be thawed, and thus happened
to receive a higher ratio of FFP to RBCs. Prospective studies in
this area are badly needed.

Medical therapy
Recombinant activated factor VII
Recombinant activated factor VII (rFVIIa) was licensed for the
treatment of bleeding associated with hemophilia in patients
who have antibodies inactivating factor VIII and IX. It is
believed to act by binding to tissue factor at the site of injury,
generating thrombin, and activating platelets. Use of rFVIIa
has been expanded in an attempt to minimize bleeding com-
plications and transfusion requirements associated with major
surgery and trauma. Trials investigating these indications for
rFVIIa have had variable results. In a small randomized trial
of rFVIIa versus placebo in patients undergoing transabdom-
inal prostatectomy, administration of rFVIIa was associated
with a 50% reduction in blood loss and elimination of trans-
fusion of blood products, whereas 60% of patients randomly
assigned to the placebo arm required transfusion. Conversely,
studies in patients undergoing liver transplantation or liver
resection, showed little benefit in patients who received rFVIIa
versus placebo. Moreover, in two separate randomized con-
trolled studies of patients undergoing cardiopulmonary bypass,
administration of rFVIIa reduced the need for blood prod-
ucts, although in one of the trials, rFVIIa was associated
with an increased incidence of acute renal failure. In a mul-
ticenter, randomized, controlled trial of rFVIIa in patients
with blunt or penetrating trauma, administration of rFVIIa
resulted in a reduction of blood transfusions in those with
severe blunt trauma. In patients with penetrating trauma, there
was a trend toward a reduced transfusion requirement, but
the difference failed to reach clinical significance. A statisti-
cally significant difference in survival was not demonstrated.
In summary, use of rFVIIa in trauma patients is controver-
sial, and rFVIIa is not approved for this patient population.

There are trials under way investigating these issues, but until
further data are available, use of rFVIIa in trauma patients
should be individualized and this agent should be used with
caution.

Complications
Citrate toxicity
Citrate, which binds calcium, is used as an anticoagulant in
stored blood products, and FFP and platelets are the major
sources of citrate. Following transfusion, citrate is rapidly
metabolized by the liver and, as such, usually has little effect
on plasma ionized calcium levels. However, in patients with
hypothermia, massive transfusion, diminished liver perfusion,
or hepatic dysfunction, and in those undergoing liver transplan-
tation (i.e., during the anhepatic phase), citrate toxicity and the
resultant decrease in ionized calcium with associated hypoten-
sion and decreased myocardial contractility may become clini-
cally important.

In the setting of massive transfusion, ionized calcium lev-
els should be followed at regular intervals. Ionized calcium lev-
els are preferred because the total plasma calcium level will
include the portion bound by citrate and thus may not accu-
rately reflect the free plasma calcium. Hypocalcemia should be
treated with calcium chloride rather than calcium gluconate
becausewith the latter, livermetabolismof gluconate is required
for the release of calcium.

Hyperkalemia
Over time, potassium leaks out of storedRBCs into the extracel-
lular storage fluid because of impaired membrane integrity and
diminished Na+/K+ adenosine triphosphatase function. With
transfusion, this abnormality is rapidly reversed; consequently,
hyperkalemia from massive transfusion is very uncommon.
More common causes of hyperkalemia in this patient popula-
tion include significant soft tissue damage from trauma or renal
impairment. Regardless of the etiology, treatment includes cal-
cium chloride administration, glucose and insulin, and bicar-
bonate as appropriate.

Acid–base disturbances
The pH of stored blood products is significantly acidotic owing
to two factors: the acidity of the storage media and the accu-
mulation of cell metabolites over time. Following transfusion,
the metabolites (CO2 and lactic acid) are rapidly cleared and
theRBCs’ buffering capacity is restored. Anecdotally, somehave
observed a transient metabolic alkalosis following transfusion,
which some have is attributed to citrate metabolism by the liver
into bicarbonate. Thus, even in the setting of massive transfu-
sion, acidosis from transfusion itself is uncommon. Persistent
acidosis in the setting of transfusion should prompt a careful
evaluation for more likely causes, particularly inadequate tissue
perfusion and hypovolemia, rather than empiric treatment with
bicarbonate.
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Chapter

69 Normovolemic hemodilution, perioperative blood
salvage, and autologous blood donation
Thomas J. Graetz

Normovolemic hemodilution, preoperative autologous blood
donation, and perioperative blood salvage are techniques that
may limit the need for allogeneic blood transfusions. These are
all forms of autologous transfusion, and some may even be
acceptable to Jehovah’s Witnesses because the blood is able to
stay in continuity with the body. By limiting allogeneic blood
transfusions, these techniques can conserve blood resources
and limit the complications associated with them. Allogeneic
transfusions should be used judiciously because theymay cause
alloimmunization, immunomodulation, bacterial and/or viral
infection, transfusion reactions (e.g., febrile, hemolytic), and
transfusion-related acute lung injury (TRALI). These tech-
niques may all be used as part of an integrated approach to
reduce the use of allogeneic blood. They may play an even
larger role in patients who refuse allogeneic blood transfusions
(Jehovah’sWitnesses) or have rare blood phenotypes (Bombay),
antibodies to common red cell antigens (anti-Kpb, anti-Jsb), or
multiple alloantibodies (anti-c, -Fya, -S), making crossmatch
difficult.

Acute normovolemic hemodilution
(intraoperative autologous donation)
Acute normovolemic hemodilution (ANH) is a technique des-
cribed in the 1950s. Relative anemia is iatrogenically induced
by harvesting a patient’s whole blood and returning an acel-
lular substitute (e.g., crystalloid) to maintain normovolemia.
A large portion of the patient’s red cell mass is harvested and
stored in anticoagulant-filled blood storage bags prior to major
blood loss occurring in the surgical field. When surgical bleed-
ing occurs, the patient loses lower-hematocrit (Hct) blood, thus
reducing actual red cell loss. The harvested blood is reinfused
after the major blood loss has occurred, or sooner if necessary
to maintain the target hemoglobin level. Appropriate patient
selection for preoperative hemodilution is an important issue.
Some criteria have been developed by Kreimeier (Table 69.1).
These are guidelines and are not a universally accepted stan-
dard. Each patient’s comorbidities and clinical picture must be
addressed individually by the clinician.The benefits of normov-
olemic hemodilution are greatest when the starting hemoglobin
is high, the target hemoglobin is low, and the blood loss is high.
Kreimeier proposed using an estimated blood loss of 30% of the
total blood volume; however, amore recent analysis suggests the

estimated blood lossmay need to be closer to 70%of the average
patient blood volume to save 1 U of red cells.

One essential component of normovolemic hemodilution
is calculation of the amount of blood to be removed. A com-
monly used integrative equation was described by Bourke et al.
as blood loss= estimated blood volume (EBV)× natural log of
the ratio of initial to finalHct.This logarithmic equationmay be
approximated by blood loss = EBV × (change in Hct) × (3 −
average Hct). A more recent iterative model has been described
byMeier and accounts for some factors potentially leading to an
overestimation of blood loss by 15% to 20% (homogeneous dis-
tribution of red cells in large and small vessels, continuous and
simultaneous substitution of the blood, and constancy of blood
volume during dilution process). Crystalloid, colloid, or both
are used to replace the intravascular volume. The blood vol-
ume is frequently replaced 3:1 with crystalloid or 1:1 with col-
loid.The replacement ratio at steady state using crystalloid may
actually be closer to 5:1. The blood is harvested from an arte-
rial catheter or large-bore venous cannula draining to gravity.
The harvesting may start before the induction of anesthesia or
after, but harvest should be complete prior to major blood loss.
Blood is collected in standard blood collection bags, which can
be kept at room temperature for up to 8 hours or refrigerated at
1◦ to 6◦C for up to 24 hours. Blood is reinfused in the reverse
order of its harvest. The blood may contain drugs circulating
fromwhen it was harvested (e.g., opioids andmuscle relaxants).

ANH decreases the blood’s oxygen-carrying capacity as
hemoglobin is removed. The body maintains adequate oxygen
delivery to the tissues by compensatory mechanisms, including
an increase in cardiac output and oxygen extraction, as shown
in Fig. 69.1. The decrease in blood viscosity allows venous

Table 69.1. Selection criteria for acute normovolemic hemodilution

Estimated blood loss is 1500 ml (30% of blood volume)
Preoperative hemoglobin concentration above 12 mg/dl after correction of
normovolemia

Normal electrocardiogram and myocardial function
Absence of restrictive or obstructive lung disease
Absence of renal disease
Absence of liver cirrhosis
Absence of untreated hypertension
Absence of coagulation abnormalities
Absence of infection
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Figure 69.1. Relative changes in (A) cardiac output (CO, % of baseline), (B) O2 extraction (O2-Ex, % of baseline), (C) O2 delivery (DO2, % of baseline), and
(D) O2 consumption (VO2, % of baseline) during progressive ANH in pigs (�), dogs (�), baboons (�), and humans (•). Note that the combined increases of CO
and O2 extraction allow maintenance of VO2, even at very low hemoglobin levels. Reprinted with permission from Jamnicki M, Kocian R, van der Linden P, Zaugg
M. Spahn D. Acute normovolemic hemodilution: physiology, limitations, and clinical use. J Cardiothor Vasc Anesth 2003; 17(6):747–754.

return to increase, increasing cardiac output as well as central
venous pressure. The increased cardiac output occurs through
an increase in stroke volume and myocardial contractility with
little change in heart rate. The increase in oxygen extraction
coupled with the increase in cardiac output allows the oxygen
delivery to decrease, whereas the tissue oxygen consumption
does not change until a critical hemoglobin level is reached.The
critical level of hemoglobin in humans is not known.

ANH is a “point-of-care” technique that eliminates blood
wastage, because all collected blood is given back to the patient;
it is convenient for patients and has decreased administrative
costs associated with testing and collecting of allogeneic blood.
Problems with the technique include the additional time and
mental energy directed fromother aspects of patient care. Addi-
tional assays are ordered to monitor the current hemoglobin
concentration during dilution and during the operation to
guidemanagement.The literature regarding the clinical benefits
of the technique is mixed with poor reporting of complications
from trials. A recentmeta-analysis of all trials was inconclusive;
it showed a reduced likelihood of allogeneic transfusion, but
there was a substantial amount of heterogeneity among trials,

many of which did not have a well-defined transfusion proto-
col. The ones with a protocol did not show a benefit with ANH.
A recent trial with well-defined triggers showed sparing of allo-
geneic transfusion in patients undergoing liver resection ran-
domly assigned to undergo hemodilution. ANH is a technique
that is not part of routine practice but is supported by transfu-
sion guidelines for specific procedures. Some, although not all,
Jehovah’s Witness patients will accept ANH, as long as the har-
vested blood bags are continuously connected with the patient.

Intraoperative blood salvage (cell saver)
and postoperative blood salvage
Perioperative blood salvage includes both intra- and postoper-
ative blood salvage as techniques used to recover and transfuse
blood lost during an operation. Intraoperative blood salvage
(IOBS) had its origins in the 1960s with the first attempts to sal-
vage and re-infuse shed blood by Klebanoff using the Bentley
device. In the 1970s the first acceptable surgical blood salvage
system was introduced as Cell Saver (Haemonetics, Braintree,
MA). The term cell saver is now frequently used to describe the
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strategy of IOBS. During IOBS, an aspirationwand draws blood
from the operative field to a reservoir for the aspirated blood.
The wand contains dual-chamber tubing that mixes anticoag-
ulant with the aspirated blood. Blood is then taken from the
reservoir and added to the centrifuge bowl, where it is spun
and washed with normal saline. At least three times the bowl
volume is used before the cell washing is considered finished;
larger wash volumes lead to removal ofmore contaminants.The
liquid wash is discarded. The washed packed cells are trans-
ferred to a bag for transfusion back to the patient. The blood
should be filtered through a standard 170-�m filter prior to
transfusion. The bowl fill rate and size determine the hemat-
ocrit and volume of the washed blood, but a bowl of 250 ml
is commonly employed and requires 500 to 750 ml of salvaged
blood to properly wash the cells. It delivers cells at a hemat-
ocrit of approximately 50% to 70%. Postoperative blood sal-
vage is a technique whereby the contents of wound drains are
either infused directly orwashed prior to transfusion.Theuse of
unwashed wound blood is falling out of favor for many because
of the cell mediators, debris, and other substances that may be
present and the ability to wash shed drain blood prior to trans-
fusion. Others continue to practice the transfusion of unwashed
wound blood.Those who advocate unwashed wound blood fre-
quently limit the volumes to 500 to 1000ml because of concerns
regarding the non–red cell constituents of the wound blood.

IOBS is applied to a variety of operative domains, includ-
ing trauma, vascular, cardiac, orthopedic, transplantation, uro-
logic, and gynecologic surgery. Cell saver also has been used in
surgical oncology, obstetrics, and bowel operations, but these
are areas of some controversy and disagreement. If IOBS is used
in these settings, two suction wands are used, one for contami-
nants and the other for salvaged blood. Previously, contraindi-
cations had included obstetric procedures because of the risk
of amniotic fluid contamination potentially leading to amniotic
fluid embolus. A small but growing body of literature describes
the use of IOBS after removal of the placenta, although none of
the reports has been large enough to document complete safety
from this uncommon albeit potentially fatal event. Similarly,
oncologic and bowel procedures (potentially including trauma)
have been considered contraindications, although clinical data
show its use in these circumstances. Although these data exist,
it would not be considered standard practice to use IOBS for
oncologic procedures or open bowel.

Autologous blood donation
Autologous donation of blood (preoperative blood donation)
is a technique originally described in 1921, but the practice did
not spread until subsequent publications in the 1970s.The tech-
nique is available to patients undergoing elective procedures
that have a high likelihood of transfusion (e.g., redo total joints,
multilevel spine cases, or major vascular procedures). Parturi-
ents who are at increased risk of peripartum hemorrhage (as in
placenta previa) or who have multiple antibodies or rare blood
types may also be candidates for this technique. Preoperative

Table 69.2. Contraindications to autologous blood donation

Active bacterial infection or evidence of infection

Significant aortic stenosis

Unstable angina

High-grade left main coronary artery disease

Myocardial infarction or stroke within 6 mo prior to donation

Cyanotic heart disease

Uncontrolled hypertension

Prolonged fainting episode during prior blood donation or history of
epilepsy

Impaired placental blood flow (e.g., preeclampsia, diabetes, intrauterine
growth retardation)

Other significant disease that has not yet been optimized preoperatively

blood should not be collected if the likelihood of transfusion is
low because of the small but real risks of blood donation and the
increased risk of blood transfusion if autologous blood is col-
lected, thereby predisposing to perioperative anemia. An addi-
tional problem is the wastage of a collected but untransfused
unit, thus increasing the overall expense of autologous blood.

Autologous donation requires an order from a physician.
This is a decision the anesthesiologist and surgeon make based
on a variety of factors that affect the eligibility of the patient for
preoperative blood donation. Factors that have an impact on
this decision include the likelihood of transfusion for a partic-
ular procedure, the surgeon’s operative experience, the patient’s
medical comorbidities, and the patient’s motivation to donate
preoperatively. Additionally, the patient should meet certain
criteria at the time of donation: Hemoglobin must be ≥11 g/dl,
all donations are to occurmore than 72 hours prior to the antic-
ipated surgery, and a donation may not be made if the patient
is at risk for bacteremia. Some contraindications to autologous
donation are shown in Table 69.2, but others may disagree with
some of these, having shown safe donation can occur in patients
undergoing various cardiac procedures. Additional considera-
tion should be given to patients with congestive heart failure
and cerebrovascular disease. The ultimate decisions rest with
the responsible clinicians and patient, weighing the risks, ben-
efits, and alternatives for each patient with special emphasis on
whether the risks of allogeneic blood transfusion outweigh the
risks of donation.

Oral iron supplementation should be started prior to initial
unit donation and continue afterward to mitigate iron-limited
erythropoiesis; care should also be taken to limit the side effects
of oral iron supplementation. Erythropoietin may be used in
autologous donation programs to increase red cell production
during autologous donation, although this currently is an off-
label use in theUnited States.The effectiveness of this technique
varies based on the dose used in the treatment regimen, the
route of administration (intravenous vs. subcutaneous), and the
degree and underlying cause of the anemia. Autologous units
are generally donated at 1-week intervals, and the last unit is
generally donated at least 1 week prior to the scheduled pro-
cedure. The total number of collected units is at the discretion
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of the ordering physician and the director of the transfusion
service. An essential part of this technique is the ability of the
patient to produce enough new red blood cells to replace the
harvested cells, thereby reaching the goal number of units.
The factors limiting harvest of additional units are frequently an
inadequate hemoglobin level and the limited time frame avail-
able to collect blood units because of expiration dates of previ-
ously collected units. One possible approach, infrequently used,
is freezing previously donated units of blood. This can prolong
blood’s shelf life, but also leads to some cell lysis during the
freeze/thaw process; it also is time-consuming and expensive.
The blood units are collected in standard collection bags and
preservative solutions. If a unit is collected and stored as whole
blood, it can be refrigerated for 35 days. The blood can be sep-
arated into its constituent components (with red cell shelf life
possibly being extended to 42 days using AS-1 or another addi-
tive solution) but is frequently kept as whole blood. Autolo-
gous blood is not allowed to enter the general pool of allogeneic
blood under most circumstances.

As outlined in Table 69.3, transfusion of autologous blood
is not without risk. One risk is the potential for volume over-
loading the patient, a risk that is smaller if whole blood is
used rather than packed cells. The same criteria or “trigger” (a
topic outside the scope of this chapter) should be used for both
allogeneic and autologous blood when deciding whether to
transfuse blood, because the greatest risk to the patient is
administrative in nature. If a patient who has autologous blood
available is going to be transfused, great care should be taken
to transfuse the autologous unit prior to the allogeneic blood.
The oldest unit of blood should generally be transfused first to
prolong the fixed shelf life of each collected autologous unit.

Perioperative collection of blood components including
platelets is an area some have found beneficial, but it is not a
routine practice and is currently not recommended for blood
conservation for cardiac procedures involving cardiac bypass.
Blood component collection can be performed with a stan-
dard cell salvage machine by altering the specifics of the cen-
trifugation to optimize the collection of the components being

Table 69.3. Autologous blood donation

Advantages Disadvantages

Prevents transfusion-transmitted
disease

Does not eliminate risk of bacterial
contamination

Prevents red cell alloimmunization Does not eliminate risk of ABO
incompatibility error

Supplements the blood supply Is more costly than allogeneic
blood

Provides compatible blood for
patients with alloantibodies

Results in wastage of blood that is
not transfused

Prevents some adverse
transfusion reactions

Subjects patients to perioperative
anemia and increased likelihood
of transfusion

Provides reassurance to patients
concerned about blood risks

collected. Blood is aspirated into the centrifuge bowl through a
large venous access site (e.g., an introducer side port) and then
separated into its components in the centrifuge bowl. The var-
ious components can then be given back to the patient as indi-
cated during the procedure. All components are returned at the
end of the procedure.

Normovolemic hemodilution, preoperative autologous
blood donation, and perioperative blood salvage can all reduce
the use of allogeneic blood. Nevertheless, how to best use
these techniques remains controversial and merits further
investigation.
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Introduction
A thorough understanding of cardiovascular physiology is
essential for the practice of anesthesia. Heart rate (HR), blood
pressure, cardiac rhythm, systemic tone, electrolytic balance,
and myocardial oxygen consumption are all examples of vari-
ables to be considered part of an anesthetic, and understanding
their role in cardiac physiology is important to the cerebral, sci-
entific aspects of anesthesia and to its safe and practical delivery
to patients.

The heart and circulatory blood vessels comprise the car-
diovascular system, and function to provide oxygen and nutri-
ents to the body and remove carbon dioxide and byproducts of
metabolism. The heart can be considered two pumps that exist
in series, separated by both the pulmonary and systemic circula-
tory vascular beds. As blood is perfused through the pulmonary
circulation, oxygen is taken up and carbon dioxide is eliminated
across the alveolar–capillary membrane. In the systemic circu-
lation, oxygen and nutrients are delivered to perfused tissues,
and carbon dioxide and metabolic wastes are removed.

Anatomy of the heart
Chambers
Anatomically, the heart is composed of four chambers, two atria
and two ventricles; functionally, it is divided into two sepa-
rate circulatory pumps. One pumpdelivers deoxygenated blood
from the venous system to the pulmonary circulation, and the
other delivers oxygenated blood from the lungs to the systemic
circulation. Each pump consists of an atrium, which serves as
a filling chamber and priming pump, and a ventricle, which
serves as a pulsatile pumping chamber. Four valves exist to
ensure forward flow of blood as the heart contracts. Myocar-
dial contraction and pulsatile ejection of blood occur through a
series of complex electrical andmechanical events.Understand-
ing these concepts is essential to developing an appreciation of
cardiac physiology.

Coronary blood supply
Blood is supplied to myocardium through the coronary arter-
ies. The right and left coronary arteries arise from the aortic
root and run on the surface of the heart, giving branches that

supply themyocardium.Bloodflows from the epicardium to the
endocardial vessels tomeet themetabolic demands of the heart.
Thereafter, blood drains into the coronary sinus and the small
anterior cardiac veins, where it empties into the right atrium. In
addition, a small amount of blood drains directly into the right
ventricle via the thebesian veins. Approximately 85% of coro-
nary venous blood is returned to the right atrium through the
coronary sinus.

The coronary anatomy of the heart is depicted in Fig. 70.1.
The right coronary artery (RCA) exits from the aortic root
and travels in the atrioventricular (AV) groove between the
right atrium and ventricle. It supplies blood to the right atrium
and right ventricle, and in 70% of people becomes the pos-
terior descending artery (PDA). This anatomic configuration
is known is a “right dominant” circulation. In 10% of people,
the PDA arises as a branch of the left circumflex artery and is
referred to as “left dominant.” Finally, in about 20% of people,
the PDA is supplied by both the RCA and circumflex artery and
is classified as “codominant.” The PDA travels in the posterior
interventricular groove on the back wall of the heart between
the right and left ventricles, and supplies blood to the inferior
wall of the left ventricle.

The left main coronary artery exits from the aortic root and
shortly divides into the left anterior descending (LAD) artery
and the circumflex artery.TheLADartery travels in the anterior
interventricular groove between the right and left ventricles,
giving rise to the diagonal branches (D1 and D2). It supplies
blood to the anterior wall of the left ventricle and the inter-
ventricular septum.The circumflex artery wraps around the left
side of the heart in the AV groove between the left atrium and
ventricle, giving rise to the obtuse marginal arteries (OM1 and
OM2). It supplies blood to the lateral wall of the left ventricle.
In some patients, a third branch called the ramus originates
between the LAD and circumflex arteries. Blood supply to a
large portion of the left ventricle is dependent on blood supply
from the leftmain coronary artery. In hearts with left dominant
circulation, in which the PDA circulation arises from the cir-
cumflex, all the left ventricular (LV) blood supply is dependent
on a patent left main coronary artery. Fig. 70.2 depicts the typ-
ical blood supply to the different walls of the left ventricle.

Blood supply to the conduction system is variable. The
sinoatrial (SA) node is perfused by the RCA in 60% of people,
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Figure 70.1. Coronary anatomy of the heart.

and the LAD in the remaining 40%. The arterial supply to the
AVnode is generally determined by the dominance of the circu-
lation. The AV nodal artery arises from the RCA in right dom-
inant hearts, from the left circulation in left dominant hearts,
and from the RCA in 75% of codominant hearts. The bundle of
His has a dual blood supply from the PDA and LAD.

Figure 70.2. Transesophageal echocardiographic view of ventricular walls
and coronary blood supply in a right dominant heart.

Blood supply to the papillarymuscles tends to correlate with
their anatomic location within the ventricles. The anterolateral
papillary muscle, which attaches to both the anterior and lat-
eral walls of the left ventricle, has a dual blood supply from
both the LAD and circumflex arteries. The posteromedial pap-
illary muscle is attached to the inferior wall of the left ventri-
cle and receives its blood supply exclusively from the PDA.This
solitary blood supply makes the posteromedial papillary mus-
cle more susceptible to ischemic dysfunction and postinfarct
rupture.

Cellular anatomy and electrical physiology
The heart consists of a specialized striated muscle that exists
around a skeleton of connective tissue. Cardiac muscle can be
divided into several different types of tissue, including atrial,
ventricular, and specialized pacemaker cells. Pacemaker cells
exist in various parts of the conduction system, including the SA
node, AV node, bundle of His, and Purkinje network, and con-
tain self-excitatory properties that can independently stimulate
electrical activity. Low-resistance connections between individ-
ual myocardial cells allow the efficient propagation of electrical
activity to adjacent cells within the atria or ventricles. Normally,
no direct electrical communication exists between the atrial
cells and the ventricles. Instead, specialized conductive path-
ways allow for the rapid and organized propagation of electrical
activity from the atria to the ventricles, leading to an efficient
filling of the ventricles, followed by a synchronized, pulsatile
ejection of blood to the circulation.
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Figure 70.3. Cardiac action potential in various fibers of the heart.

Action potentials
Like other conductive cells, myocardial cell membranes are rel-
atively impermeable to ions and maintain a membrane resting
potential through the activity of Na+/K+–adenosine triphos-
phatase (ATPase). This ionic exchange serves to keep a normal
voltage gradient of −80 to −90 mV. When the cell mem-
brane becomes less negative and reaches a threshold value, a
characteristic action potential is generated, which raises the
membrane potential of the myocardial cell to +20 mV. This
depolarizing change in voltage is a result of the opening of both
fast-acting sodium channels and slower-acting calcium chan-
nels, and results in a rapid spike in action potential followed
by a prolonged plateau phase of 0.2 to 0.3 seconds. Electrical
balance is then restored through the action of potassium chan-
nels, which are responsible for repolarizing the myocardial cell.
Following depolarization, the cells are refractory to subsequent
depolarizing stimuli for a period of time.

Action potentials may be triggered by electrical impulses
or occur spontaneously. Because of differences in the compo-
sition of atrial, ventricular, pacemaker, and conductive myocar-
dial cells, the characteristics of action potentials vary with
different excitatory tissues throughout the heart (Fig. 70.3).
Note the prolonged plateau phases in the ventricle, bundle of
His, and Purkinje network, in contrast to the rapid repolariza-
tion in the SA andAVnodes. In addition, note the unstable rest-
ing membrane potential and spontaneous depolarization in the
cells of the SA node.

Cardiac impulse initiation and electrical
propagation
Each cardiac cycle is initiated by generation of an action poten-
tial in the SA node, located at the posterior junction of the
right atrium and the superior vena cava. Pacemaker cells of the
SA node differ from other typical myocardial cells because of

their relatively leaky cell membrane, permitting a slow influx of
sodium and regular spontaneous depolarization, which occurs
at a rate of 70 to 80 per minute, thus setting the resting HR.

The electrical impulse generated at the SA node is prop-
agated locally through atrial myocardial cells, culminates in
simultaneous atrial contraction, and is ultimately transmitted to
theAVnode.TheAVnode, located on the septal wall of the right
atrium between the ostium of the coronary sinus and the septal
leaflet of the tricuspid valve, serves as a gatekeeper for the fast
conduction system to the ventricles. It has an intrinsic spon-
taneous depolarization rate of 40 to 60 per minute, allowing
the faster SA node to set the HR under normal circumstances.
Impulses reaching the AV node are delayed by 100ms, allowing
ventricular filling, and are then conducted to the bundle of His.
This specialized group of fibers passes into the interventricular
septum and divides into the right and left branches to form the
Purkinje network that serves to rapidly depolarize both ventri-
cles. The His–Purkinje fibers have the most rapid conduction
velocities of any cells in the heart, allowing nearly simultaneous
depolarization of the myocardium of both ventricles. The total
amount of time for a depolarization to travel from the SA node
to the entire ventricle is approximately 200 ms.

Electrocardiogram correlation
The appearance of electrical activity on an electrocardiogram
correlates well with the electrical signal propagation described
earlier. Once an electrical impulse leaves the SA node to travel
across the atrium, it becomes visible as a P wave. The time to
conduct across the atria is reflected in the duration of the P
wave, and the normal delay within the AV node can be appre-
ciated in the length of the P-R interval. The rapid depolar-
ization of the ventricles is evident in the QRS complex. Any
conduction delays within either the right or left Purkinje
bundles can be appreciated with proper analysis. Ventricular
repolarization is represented by the T wave. The relationship
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between the ventricular action potential, ventricular ejection,
and the electrocardiogram is depicted in Fig. 70.4. Junctional
rhythms, atrial and ventricular arrhythmias, varying degrees of
AVblock, detection of bundle branch blocks, and significance of
ventricular escape beats are discussed elsewhere, but can all be
appreciated when considering the conduction system and elec-
trocardiograms.

Mechanism of contraction
Myocardial cells contract as a result of the interaction of actin
and myosin, two overlapping contractile proteins. Actin is
attached to the cell membrane, or sarcolemma, via dystrophin
and when allowed to interact with myosin, produces cell short-
ening. Normally, this interaction is prevented by two regu-
latory proteins, troponin and tropomyosin, which serve to
cover the active binding site on actin. During depolarization,
an influx of calcium from the sarcoplasmic reticulum within
the cell interacts with troponin, producing a conformational
change in these regulatory molecules and exposing the actin-
active site to myosin. Through interactions that require ATP,
a series of attachments and reengagements between actin and
myosin occur, shortening the protein structure within the cell.
Returning calcium to the sarcoplasmic reticulum during repo-
larization allows the troponin–tropomyosin complex to revert
to its original confirmation, covering the actin-active site and
preventing further interaction between the actin and myosin
proteins.

The intracellular calcium change that occurs during the
plateau phase of depolarization is insufficient to produce cel-
lular contraction by itself. Instead, the action potential depo-
larizes the T tubules via dihydropyridine Ca2+ channels, which
produce an even greater inflow of calcium from the sarcoplas-
mic reticulum into the cell. Upon the initiation of repolariza-

tion, calcium is pumped back into the sarcoplasmic reticulum
and is also extruded extracellularly.

The force of the contraction is directly dependent on the
magnitude of the calcium influx from the sarcoplasmic retic-
ulum. The amount of calcium delivered, its rate of delivery,
and its rate of removal all directly determine the amount of
muscular tension developed, the rate of contraction, and the
rate of relaxation. The intracellular second-messenger cyclic
adenosine monophosphate (cAMP) directly affects the num-
ber of open calcium channels from the sarcoplasmic retic-
ulum. β1-Adrenergic stimulation results in increased cAMP
via stimulatory G proteins, leading to larger intracellular cal-
cium concentrations and more vigorous muscle contractions.
Likewise, inhibited breakdown of cAMP from phosphodi-
esterase inhibitors such as milrinone and theophylline aug-
ment the action of calcium. Conversely, acetylcholine produces
increased concentrations of cyclic guanosine monophosphate
via inhibitory G proteins, leading to inhibition of the gen-
eration of cAMP. Other agents affecting strength of contrac-
tion include digoxin, which leads to larger Ca2+ influx after
altering Na+/K+-ATPase; glucagon, which increases cAMP via
a nonadrenergic receptor; volatile anesthetics, which depress
contractility by decreasing entry of Ca2+ into cells during depo-
larization and altering kinetics of its release from sarcoplasmic
reticulum; and acidosis, which affects the slow calciumchannels
of the plateau phase, unfavorably altering intracellular calcium
action.

Innervation
Although the nervous system does not directly initiate myocar-
dial beats, it does regulate rhythm and contractility. Central
control of the heart originates in themedulla and consists of the
cardio-acceleratory and cardio-inhibitory centers. The cardio-
acceleratory center sends signals via the sympathetic nerve
fibers via T1–4 to the SA and AV nodes, in addition to widely
innervating the myocardium. The sympathetic activation from
norepinephrine leads to increased chronotropy (faster rate),
dromotropy (faster AV conduction), and inotropy (stronger
contraction) through increased β1-adrenergic stimulation and
elevations in intracellular cAMP. Additional adrenergic stimu-
lation from circulating epinephrine produces similar effects on
the myocardium. Both have additional systemic effects on the
vasculature.

The cardio-inhibitory center signals the heart via the vagus
nerve to the SA and AV nodes, conducting system, and selected
areas of the atrium. Acetylcholine works through muscarinic
receptors to produce negative chronotropic, dromotropic, and
inotropic effects. Muscarinic effects of acetylcholine include
increased conductance for potassium, suppressing the pace-
maker current and hyperpolarizing the SA node in phase 4,
increasing the time until threshold voltage is reached to initiate
a new action potential. Vagal effects tend to have a fast onset
and offset, whereas sympathetic influences are more gradual
and take longer to reverse.
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Cardiac cycle
The rhythmic nature of the heart can be characterized by
two energy-requiring phases: systole, during which ventricular
contraction occurs, and diastole, when ventricular relaxation
occurs. Understanding the relationship of these phases to fill-
ing, ejecting, and heart valvemechanics is paramount to under-
standing cardiac physiology.

The entire systolic and diastolic cardiac cycle can be divided
into four distinct phases: isovolumetric contraction, systolic
ejection, isovolumetric relaxation, and diastolic filling. At the
end of diastole, the ventricle has finished filling and the pres-
sure in the left ventricle and left atrium have equilibrated. At
the onset of systole, the ventricle depolarizes, generating a QRS
complex; myocardial contraction begins; and the pressure in
the left ventricle exceeds the atrial pressure, closing the mitral
valve. Isovolumetric contraction continues until the pressure in
the ventricle exceeds the diastolic aortic blood pressure, driv-
ing open the aortic valve. During systolic ejection of blood, the
stroke volume (SV) is pumped from the left ventricle, and the
peak pressure generated at this time is the systolic blood pres-
sure. As the ventricle concludes contracting, the pressure in the
aorta exceeds the pressure in the left ventricle, closing the aortic
valve. The small vascular rebound that occurs here is visible as
the dicrotic notch, marking the end of systole and the onset of
diastole.

Isovolumetric relaxation is marked by a period of myocyte
repolarization and T-wave formation. The ventricle undergoes
isovolumetric relaxation until its pressure is less than the left
atrial pressure, at which time the mitral valve opens and blood
passively starts filling the ventricle. Diastolic filling continues in
a passive manner, rapidly at first, then more slowly as the pres-
sures equilibrate, until an atrial contraction is generated, thus
actively filling the ventricle. Atrial contraction contributes up
to 30% of the filled volume of the ventricle. These events are
logically followed in Fig. 70.5.

The cardiac cycle can be represented in different ways –
for example, as pressure and volume versus time, as shown in
Fig. 70.5, or as pressure versus volume, as indicated in Fig. 70.6.

Several physiologic variables can be appreciated by study-
ing Fig. 70.6. The volume of the left ventricle at the end of
diastole is the end-diastolic volume (EDV), which has a corre-
sponding end-diastolic pressure (EDP). The difference between
the end-diastolic volume and the end-systolic volume (ESV) is
the SV:

SV = EDV − ESV

Likewise, the ejection fraction (EF) is the percentage of the EDV
ejected with each systolic beat:

EF = (EDV − ESV)/EDV = SV/EDV

Other variables, including aortic systolic and diastolic pres-
sures, can also be appreciated on a pressure-versus-volume
loop.
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Figure 70.5. Normal cardiac cycle depicted as pressure versus time and
volume versus time.

Atrial filling and emptying
Atrial filling occurs in two phases, systole and diastole; atrial
emptying also occurs in two phases, passive and active. Dur-
ing systolic ventricular contraction, the atria fill from the
venous system. Systole concludes, diastole begins, and once iso-
volumetric relaxation has allowed the ventricular pressure to
decrease sufficiently, the mitral and tricuspid valves open and
blood flows passively into the ventricles. However, even as the
atria empty into the ventricles, they continue to fill to replace
some of the volume passively lost. With the initiation of atrial
contraction, the atria empty into the ventricle and no further
atrial filling occurs from the veins. Upon initiation of systole,
the mitral and tricuspid valves close, ventricular systolic ejec-
tion occurs, and atrial filling resumes.
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These elements can be seen on central venous pressure
(CVP) tracing (Fig. 70.7). The “a” wave represents atrial con-
traction with active ventricular filling. Diastole ends and systole
begins at the “c” wave, marked by tricuspid valve closure. As the
ventricle contracts, the tricuspid annulus is slightly pulled into
the ventricle, decreasing the pressure in the atrium, marked by
the “x” descent. As the ventricle continues to contract, atrial fill-
ing is reflected in the “v” wave. Finally, as the tricuspid valve
opens, passive emptying of the atrium into the ventricle occurs,
as shown by the “y” descent. This is immediately followed by
another a wave as the cycle repeats.

When studied by Doppler echocardiography, this cycle is
seen in a slightly different form (Fig. 70.8). Here, the Doppler
beam is measuring flow in the pulmonary vein either toward or
away from the left atrium. During systole, the prominent up-
spike and the much smaller phase represent two phases of sys-
tole, S1 and S2, when the atrium is filling from the pulmonary
veins toward theDoppler probe near the left atrium.The second
prominent hump, the D wave, indicates further forward filling
of the atrium during early diastole, when the ventricle is pas-
sively being filled through the mitral valve. The down-spike is
the A wave, representing a brief reversal in pulmonary venous
blood during atrial contraction, when the ventricle is undergo-
ing active filling from a contracted atrium.

a
c

x v

y

Figure 70.7. Central venous pressure waveform.

Figure 70.8. Doppler echocardiography of the pulmonary veins.

Several pathologic conditions can be detected on assessment
of a CVP waveform. Large a waves occur during diastole when
a pressure gradient exists during atrial contraction. This can
be seen when the atrium is contracting against a closed tri-
cuspid valve, such as during premature ventricular systole, or
when tricuspid valvular stenosis is present. Prominent v waves
may occur during systole when part of the ventricular ejection
pressure is communicated through the tricuspid valve, such as
during tricuspid regurgitation. Other pathognomonic condi-
tions exist as well, such as a “steep x and y descent,” in which
the atrial pressure is very elevated and the ventricle is danger-
ously underfilled, such as in pericardial tamponade.

Ventricular performance
Thecardiac cycle represents a unique coordination of both elec-
trical andmechanical events, culminating in ventricular systole
(contraction) and diastole (relaxation).The synchronized func-
tion of both ventricles is crucial, and factors affecting one side
will invariably affect the other.

Systolic function involves ventricular ejection and primarily
focuses on the left ventricle. It is often measured by the cardiac
output (CO), which is the SV multiplied by HR:

CO = SV × HR.

Average SV and HR are approximately 70 ml and 75 bpm,
with a cardiac output of 4 to 6 L/min. Thus, the body’s en-
tire blood volume circulates through the heart every minute.
Because changes in body size require different cardiac outputs
tomeet basal requirements, the cardiac index is used to account
for these differences. The cardiac index is expressed as the car-
diac output divided by the body surface area, with a normal
range of 2.5 to 4 L/min/m2.

In addition to cardiac output, other measures of adequacy
of function include assessing for appropriate change in cardiac
output with exercise and measurement of mixed venous oxy-
gen saturation. A large amount of variability exists in baseline
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Figure 70.9. Increasing and decreasing preload.

cardiac output, and an abnormal cardiac output is not seen
until gross abnormalities exist. However, failure to keep upwith
highermetabolic demands with exercise can be seen by a lack of
an increase in cardiac output when stressed. Similarly, a falling
mixed venous oxygen saturation, in which greater proportions
of oxygen are extracted from the systemic blood to make up for
a lack in rise of cardiac output, is indicative of inadequate ven-
tricular performance.

Heart rate
HR is a major determinant of ventricular function and is af-
fected by autonomic, humoral, and local factors. The intrin-
sic rate of the SA node is normally set at 70 to 80 bpm. It is
influenced by sympathetic and parasympathetic tone, circulat-
ing inflammatorymediators, drugs, hormones, and conduction
abnormalities. At normal HRs, systolic time occupies approxi-
mately one third of the entire cardiac cycle, with diastolic time
occupying the remaining two thirds. However, as HR increases,
this ratio changes and a lower percentage of time is spent in
diastole.

Stroke volume
There are three main determinants of SV: preload, afterload,
and contractility. All three variables are subject to a variety of
influences, including circulating volume, ventricular compli-
ance, systemic circulatory tone, and autonomic influences, in
addition to geometric alterations in the chambers and the pres-
ence of valvular dysfunction.

Preload
Preload represents the EDV of the left ventricle and depends
on ventricular filling. Starling’s law describes the direct propor-
tional relationship between cardiac output and the final vol-
ume in the ventricle prior to contraction, LV EDV. As LV EDV
increases and the HR is held constant, SV increases until the

muscle fibers becomemaximally distended. Any further stretch
compromises the heart’s ability to eject that volume, and no fur-
ther increase in SV is achieved. In fact, overdistention may lead
to a decrease in cardiac output. Clinically, in addition to dimin-
ishing cardiac myocyte stretch, this can produce cardiac valvu-
lar incompetence.

Preload for both the left and right ventricles depends on
ventricular filling, which is most heavily influenced by venous
return. Circulating volume, changes in blood volume (position,
intrathoracic pressure, pericardial pressure, venous tone), car-
diac rhythm, and HR all influence venous return. Although
the presence of other pathologic factors, such as severe mitral
stenosis or aortic regurgitation, may also play a role in
ventricular filling, venous tone and circulating intravascular
volume have the greatest role in normal circumstances. For
example, increases in venous tone from ephedrine administra-
tion or decreases in venous tone from a regional anesthetic can
alter LV EDV. Likewise, hypovolemia or fluid resuscitation can
also alter LV EDV.

The pressure–volume relationship of the ventricle during
diastole is a nonlinear curve that depends on ventricular com-
pliance and is not affected simply by altering the preload.
Instead, this diastolic relationship holds true over a variety of
filling conditions and describes the corresponding filling pres-
sure required at any given filling volume (Fig. 70.9). Until the
point at which maximum stretch is reached, a larger LV EDV
produces an increased SV and increased cardiac output at a
higher systemic blood pressure.

Ventricular preload is also sensitive to changes in rhythm
and HR. As HR increases, diastolic time is reduced and ven-
tricular filling is slightly impaired. Likewise, deviation from a
normal sinus rhythmcanadversely affect ventricularfilling. Per-
turbation in sinus activity becomes especially crucial in patients
with impaired ventricular compliance, which is discussed later.

Clinical assessment of preload may present several chal-
lenges. The most important determinant of right ventricular
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Figure 70.10. Compliance changes altering the EDP–EDV relationship.

filling is venous return, and in the absence of significant
pulmonary hypertension, right heart dysfunction, or mitral
valvular disease, venous return is also themost important deter-
minant of LV filling. Trends in central venous filling pressure
can be used to approximate LV filling volume. Pulmonary cap-
illary wedge pressure (PCWP) can be used to estimate LV EDP,
which with normal ventricular compliance, serves as a good
surrogate measurement of LV EDV. However, this requires sev-
eral assumptions, including insignificant intrathoracic positive
end-expiratory pressure and absence of mitral stenosis. Other
methods to try to assess the adequacy of ventricular filling
include echocardiography, radionuclide imaging, and ventricu-
lography.

Diastolic compliance determines what sort of ventricular
filling pressure is generated at any given filling volume. The
nonlinear curve describing the diastolic pressure–volume rela-
tionship is influenced by factors such as presence of ventricular
hypertrophy, ischemia, or pericardial compression (Fig. 70.10).

“Diastolic dysfunction,” a concept poorly understood
by many, can be explained by examining an EDP–EDV
relationship curve.The presence of factors impairing the heart’s
ability to relax andfill during diastolewill shift this curve up and
left from normal. The clinical implication is that significantly
higher filling pressures may be required to achieve an adequate
LV EDV. This may leave patients closer to being in pulmonary
edema at what appears to be normal heart sizes. Conversely,
in the event the heart deviates from a sinus rhythm, LV EDV
may be significantly impaired from the loss of a higher-pressure
“atrial kick.”

Hearts with pathologically increased compliance are gen-
erally those that have been dilated for a long period, allowing
for adaptation. Patients with dilated cardiomyopathy or chronic
severe aortic insufficiency may have dramatically increased LV
EDV with normal filling pressures.

Ventricular EDP–EDV relationships may be difficult to
measure, but the presence of impaired relaxation and restricted
filling can be assessed with echocardiography by examining
inflows across the mitral valve and pulmonary veins, although

that discussion is beyond the scope of this text. However, it is
important to note that conditions such as LV hypertrophy and
aortic stenosis exist that shift the compliance curve up and to
the left, thus requiring active atrial filling. In these situations,
assessing CVP, PCWP, or LV EDP may not provide an accurate
surrogate for the LV EDV.

Afterload
Afterload represents the tension the ventricle must generate
during systole that is sufficient to produce contraction. In nor-
mal circumstances, this is influenced by the arterial impedance,
but in the presence of aortic stenosis, it is also affected by the
additional gradient across the valve. The wall tension the ven-
tricle generates is the force required to reduce its chamber size
against a given pressure. For a spherical object, the wall tension
is determined by the law of Laplace:

Wall tension = P × R/2h,

where P is the pressure in the chamber, R is the radius of the
chamber, and h is the wall thickness. Therefore, hearts eject-
ing against higher pressures, with larger chambers, generate a
higher wall tension. Having a larger wall thickness decreases
wall tension but comes at a price of higher oxygen consump-
tion and impaired oxygen delivery, which is discussed later.

In normal circumstances, the pressure the heart must
develop wall tension against is determined by the arterial tone,
or systemic vascular resistance (SVR). Drawing from Ohm’s
law, remember that voltage (V) = I (current) × R (resistance),
or put another way, the pressure change across a bed of resis-
tance is determined by the current, or flow, multiplied by the
resistance:

�P = Q × R or R = �P/Q,

where �P is the pressure change, Q is flow, and R is resistance.
Therefore:

SVR = 80 × (MAP − CVP)/CO,

where MAP is the mean arterial pressure and CVP is the cen-
tral venous pressure. �P, or (MAP − CVP), is simply the pres-
sure change across the vascular bed in question, in this case the
systemic circulation, and 80 is a conversion factor to leave the
answer in appropriate units. Normal SVR is 900 to 1500 dyne
sec/cm−5.

Similarly, the pulmonary vascular resistance (PVR) can be
calculated applying the same concepts to the pulmonary vascu-
lar bed:

PVR = 80 × (PA mean − LAP)/CO,

where PA mean is the mean pulmonary arterial pressure
and LAP is the left atrial pressure. In normal circumstances,
PCWP is substituted for LAP. Normal PVR is 50 to 150 dyne
sec/cm−5.

Increases in afterload can decrease the cardiac output but
may be difficult to conceptualize until analyzing a pressure–
volume loop (Fig. 70.11). Increases in afterload do not alter
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Figure 70.11. Increasing and decreasing afterload.

either the nonlinear EDP–EDV curve, which was previously
discussed, or the linear end systolic pressure volume (ESP-ESV)
curve, which represents the pressure–volume relationship at
which the aortic valve closes at the end of systole. Instead,
changes in afterload influence how SV falls between these two
curves.

An increase in afterload leads to a higher systemic blood
pressure but an earlier closure of the aortic valve, and thus a
smaller SV for any given preload. A small amount of physio-
logic compensation is indicated by a subtle change in preload.
The net effect is a higher systemic blood pressure, but with
a lower cardiac output. Conversely, a decrease in afterload
leads to a lower systemic blood pressure and a larger SV.
Clinical examples of extremes of this spectrum include aortic
stenosis, in which the ventricular preload must remain very
high to have an adequate SV against a very high afterload,
and septic shock, in which dilated systemic vascular tone leads
to a high cardiac output state despite a low systemic blood
pressure.

Contractility
Contractility represents the strength of ventricular contraction
and is related to the rate of myocardial muscle shortening dur-
ing systole. It is an intrinsic property of the muscle and is
independent of preload and afterload. Myocardial contractility
is influenced by neural, humoral, and pharmacologic factors.
In addition, adequate intracellular calcium concentrations can
improve myocardial contractility (Table 70.1).

On a pressure–volume loop, contractility is represented by
the slope of the linear ESP-ESV relationship. Greater contractil-
ity shifts this curve up and to the left, whereas depressed con-
tractility shifts it down and to the right (Fig. 70.12).

Agents that increase contractility lead to a higher systemic
blood pressure, a larger SV, and a greater ejection fraction.
Agents that decrease contractility lead to a lower systemic blood
pressure, a smaller SV, and a decreased ejection fraction.

Changes during exercise
Several changes occur as a normal physiologic response to exer-
cise, including increasedHR, SV, and contractility, all to achieve
an increase in cardiac output. Hearts that are not capable of
mounting a response to this increase in physiologic demand
leave the patient with an inability to tolerate the increase in
exertion (Fig. 70.13). Changes in preload are still reflected as
Starling curves, but the course and shape of the curves are deter-
mined by the contractile state of the heart.

Wall motion abnormalities
Regional wall motion abnormalities may lead to a decrease in
SV generated under otherwise normal preload and afterload
conditions. These abnormalities may be the result of ischemia,
old infarction, or intraventricular conduction delays leading to
asynchronous contraction. All serve to impair the ability of the
ventricle to produce an SV. Normal or enhanced contractility in
other regions of the ventricle may be insufficient to compensate

Table 70.1. Factors affecting myocardial contractility

Increase contractility Decrease contractility

Sympathetic (innervate atria,
ventricle, nodes)

Epinephrine and norepinephrine

Hypercalcemia

Digitalis

Glucagon

Parasympathetic stimulation –
minimal

Hypoxia, acidosis, hypercapnia

Depletion of catecholamine stores in
the heart (as seen in congestive heart
failure, chronic hypertension, and
elderly patients)

Loss of functioning muscle mass with
ischemia/infarction
Anesthetics, especially potent
inhalational agents, propofol, and
thiopental

Electrolytes: hyperkalemia,
hypocalcemia

Antiarrhythmic agents, including
β-blockers and calcium blockers
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Figure 70.12. Increasing and decreasing contractility.

for hypokinetic or akinetic regional wall segments. It is through
this process that patients with ischemic heart disease develop a
decrease in SV and ejection fraction.

Valvular abnormalities
The presence of valvular abnormalities may further compro-
mise the ability of the heart to fill and empty in a forward
fashion. Any of the four valves may be stenotic or regurgitant.
Although valvular disease is discussed in detail elsewhere, it is
useful to point out some brief key concepts here and correlate
them with pressure–volume loops of the heart.

Aortic stenosis produces a pressure gradient that exists
between the left ventricle and aorta. Although afterload nor-
mally refers to SVR, here it also applies to the additional resis-
tance the ventricle must work against by ejecting against a
stenotic valve. Once the stenosis becomes critical, the afterload
is dramatically increased. The only way to achieve an adequate
SV is to ensure that the ventricle, which has developed wors-
ening compliance, is adequately full. These patients are thus
very sensitive to hypovolemia and arrhythmias, and can quickly
decompensate or even die with loss of a sinus rhythm. The
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Figure 70.13. Changes in SV and LVEDP with exercise.

very high wall tension generated also leads to greatly increased
myocardial oxygen consumption.

Aortic regurgitation leads to diastolic retrograde filling
of the left ventricle from the aorta. With time, the ventricle
becomes grossly dilated and has an increase in its compliance.
Forward flow to the body becomes a function of the difference
between the total stroke volume and the diastolic regurgitant
fraction. Physiologic conditions that worsen the regurgitation,
such as higher aortic pressures and longer diastolic times, will
impair forward flow. In addition, if severe, the aortic regurgi-
tation may interfere with ventricular filling from the atrium by
prematurely forcing the mitral valve shut once the pressure in
the ventricle exceeds that in the atrium.

Mitral stenosis produces a pressure gradient between the
left atrium and ventricle. These patients have normal systolic
and diastolic pressure–volume relationships, but the ventri-
cle is chronically underfilled. Patients may appear systemically
hypovolemic with small SVs and low blood pressures even
though they may present with symptoms of heart failure. Max-
imizing diastolic filling time and maintaining a sinus rhythm
allow for optimum ventricular filling. Temporizing patients
with inotropes may be an alternative if the ventricle remains
grossly underfilled.

Mitral regurgitation leads to retrograde filling of the atrium
during systole. Functional forward flow is the difference
between the total SV and the systolic regurgitant volume.
Higher atrial pressures may predispose patients to pulmonary
edema, and higher ventricular systolic pressures will worsen the
regurgitant fraction.

Myocardial oxygen supply and demand
Consideration of cardiac physiology, with its variables – includ-
ing HR, wall tension, and contractility – requires an under-
standing ofmyocardial oxygen supply and demand.Myocardial
oxygen is delivered via the coronary arteries branching off
the aortic root. In contrast to other organs, perfusion to the
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myocardium occurs intermittently and is timed to the cardiac
cycle. Within the LV wall, the pressure generated is similar
to the aortic systolic pressure, which can transiently occlude
the myocardial perforating arteries. Not until diastole, when
the intramyocardial pressure is low, does coronary pressure
to the left ventricle occur (Fig. 70.14). The coronary perfusion
pressure (CPP) to the left heart is the difference between
the aortic diastolic blood pressure (AoDBP) and the LV end
diastolic pressure (LVEDP):

CPP = AoDBP − LVEDP

LVEDP is generally between 10 and 20 mmHg, so the mag-
nitude of the coronary perfusion gradient to the left ventricle
depends greatly on changes in systemic diastolic blood pressure.
Conditions that decrease systemic diastolic blood pressure or
increase LV end diastolic pressure may lead to decreased coro-
nary perfusion. LV hypertrophy, which decreases overall ven-
tricular wall tension due to increased wall thickness, impairs
coronary perfusion by changing compliance and increasing LV
end diastolic pressure. In addition, higher intramural pressures
and compression of perforating arteries make the ventricle sus-
ceptible to subendocardial ischemia.

Perfusion to the right ventricle differs somewhat from that
to the left ventricle. Because the intramyocardial pressures
within the right ventricle are significantly less than those of
the left ventricle, right ventricular myocardial perfusion can
occur during both systole anddiastole. For this reason, the coro-
nary perfusion gradient to the right ventricle depends more on
the systemic mean arterial pressure than the systemic diastolic
blood pressure.

Autoregulation of coronary blood flow
In the absence of a blockage in the coronary arteries,
coronary blood flow matches myocardial oxygen demand.

Autoregulation of blood flow between perfusion pressures
of 50 and 120 mm Hg ensures optimum matching under
most normal physiologic conditions. Changes in myocardial
oxygen demand produce several effects through autonomic,
humoral, and local mechanisms. Sympathetic stimulation
produces both�1- andβ2-adrenergic effects –�1-induced vaso-
constriction affects large-bore arteries, but β2-induced vasodi-
lation occurs in smaller intramyocardial vessels. The overall
effect is for increased myocardial blood flow with sympathetic
stimulation, mostly through β2 stimulation. Likewise, local tis-
sue hypoxia releases adenosine, leading to coronary vasodila-
tion. All these effects help match myocardial oxygen supply to
demand.

Myocardial oxygen demand
Myocardial oxygen consumption is influenced by several fac-
tors, including basal tissue oxygen consumption, generation
of electrical activity, generation of wall tension under varying
loading volumes and against varying pressures, and rate of sys-
tolic ejections. Hearts that beat faster, have higher filling vol-
umes, and eject against higher pressures consumemore oxygen.
In addition, hearts that beat faster have less time in diastole.
Therefore, increases in HR and diastolic pressure increase con-
sumption and decrease delivery.

Myocardial tissue very efficiently extracts oxygen from arte-
rial blood – typical blood in the coronary sinus has satura-
tions near 30%, compared with 75% for the rest of the body.
Any increase in oxygen consumption must be matched by an
increase in oxygen delivery through increased coronary blood
flow. For patients with a coronary blockage who cannot deliver
an increase in coronary blood flow, strategies to minimize
increases inmyocardial oxygen demand andmaximize delivery
of oxygen until the blockage can be corrected are a mainstay of
treatment.

Conclusion
Understanding cardiac physiology is essential to the perioper-
ative care of patients who present for a variety of procedures.
Core concepts of cardiac electrical physiology, systolic and dias-
tolic function, ventricular filling and ejection, and myocardial
oxygen supply and demand apply to almost all patients present-
ing for surgery, regardless of the status of their health. Develop-
ing a solid foundation of principles is essential when studying
normal cardiac physiology before applying those same princi-
ples to patients with a variety of pathologic cardiovascular dis-
orders. Conditions ranging from coronary disease to valvular
disorders and hemodynamic changes from interventions such
as fluid and drug administration can be explained by building
on a strong understanding of cardiac physiology. The reader is
advised to revisit these principles as these conditions are elabo-
rated upon in the following chapters.
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Chapter

71 Cardiovascular pharmacology
Arti Ori and Douglas C. Shook

Introduction
Cardiovascular drugs are used to alter cardiac performance
and end-organ blood flow, with the goal of maintaining ade-
quate tissue perfusion and oxygen delivery. The choice of drug
depends on the complex interrelationship among preload, con-
tractility, afterload, and the rate and rhythm of the heart. If the
patient’s hemoglobin level and oxygen saturation are adequate,
the cardiac output (CO) becomes an important determinant
in oxygen delivery and systemic vascular resistance (SVR) for
permitting optimal tissue perfusion. An understanding of these
important concepts is integral to choosing among the variety of
cardiovascular drugs available.

The central role of calcium
Intracellular calcium levels have a dominant effect on myocar-
dial contractility and smooth muscle vascular tone. During the
cardiac action potential, extracellular calcium enters the cell via
L-type (slow) calcium channels. Calcium entry triggers calcium
release from the sarcoplasmic reticulum (calcium-induced cal-
cium release). The increased free intracellular calcium binds to
the cardiac myofilament protein troponin C, which then allows
actin to form cross-bridges with myosin and for contraction
to occur. For myocardial relaxation, calcium must be removed
from troponin C. This is accomplished by decreasing intracel-
lular calcium levels, primarily by reuptake of calcium into the
sarcoplasmic reticulum by an energy-dependent process. Cal-
cium is also removed from the cell by ion transport channels
in the cell membrane to keep the overall intracellular calcium
unchanged with each contraction–relaxation cycle.

This transient increase and decrease of intracellular calcium
is central to myocardial contractility. In normal hearts, only
about 25% of the cardiac myofilaments are saturated with cal-
cium.This reservemay be activated by drugs that either increase
the amount of calcium in the myocyte or sensitize the myofila-
ments to the calcium already present. Several conditions change
the sensitivity of calcium to cardiac myofilaments, and thus the
effectiveness of inotropic and vasoactive drugs (Table 71.1).

Calmodulin in vascular smoothmusclemodulates the inter-
action of actin and myosin, leading to vasoconstriction in the
presence of intracellular calcium.Thus, in both vascular smooth
muscle cells and cardiac myocytes, an increase in intracellular

calcium promotes greater contraction, leading to increased
vasoconstriction and increased contractility, respectively. All
the drugs used to manage myocardial contractility and smooth
muscle tone act by altering intracellular calcium.

The most common inotropic drugs augment intracellular
calcium by either cyclic adenosine monophosphate (cAMP)-
dependent or cAMP-independent mechanisms. β-Adrenergic
agonists act via Gs proteins that activate adenylate cyclase,
increasing the synthesis of cAMP.Acting as a secondmessenger,
cAMP activates protein kinase A, which phosphorylates a vari-
ety of intracellular targets, increasing intracellular calcium for
contraction (inotropy) and enhancing its reuptake, promoting
relaxation (lusitropy). α-Adrenergic agonists may also increase
intracellular calcium, but by a different mechanism. The clini-
cal significance of this mechanism for myocardial contractility
is uncertain, but its clinical significance in promoting vasocon-
striction in vascular smooth muscle is well known. Phosphodi-
esterase inhibitors act by inhibiting the breakdown of cAMP,
thereby increasing intracellular calcium and contractility
(Fig. 71.1).

α-Adrenergic stimulation (catecholamines) and phospho-
diesterase III inhibition increase cAMP, which acts via pro-
tein kinase A to phosphorylate calcium channel protein,
phospholamban, and troponin I. Phosphorylation of calcium
channel protein enhances sarcolemmal inward movement of
Ca2+, which subsequently increases Ca2+ movement from the
sarcoplasmic reticulum (SR) through the calcium release chan-
nel (ryanodine receptor type 2) to the cytosol (calcium-
induced Ca2+ release). Digoxin increases cytosolic Ca2+ by

Table 71.1. Cardiac myofilament sensitivity to calcium

Decreased sensitivity
to calcium

Increased sensitivity
to calcium

Acidosis
Hypothermia
Increased phosphate
Sepsis
Ischemia–reperfusion injury
Myocardial stunning
Congestive heart failure

α-Receptor stimulation
Myofilament calcium sensitizers
Stretching of the myofilaments (preload)
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Figure 71.1. Effect of inotropic drugs on intracellular calcium.

inhibition of sarcolemmalNa–K–adenosine triphosphatase and
Na–Ca2+ exchange. Cytosolic Ca2+ binds to troponin C (TnC)
and initiates contraction (inotropic effect). Phosphorylation of
phospholamban enhances relaxation by increased reuptake of
Ca2+ back into the SR by the SR Ca2+ adenosine triphos-
phatase isoform 2 (SERCA2; lusitropic effect). Phosphorylation
of troponin I enhances the rate of relaxation by decreasing the
sensitivity ofmyofilaments toCa2+. Levosimendan binds to tro-
ponin C during systole and thereby increases the sensitivity of
myofilaments to Ca2+ without alteration of Ca2+ levels.

In the vascular smooth muscle, cAMP and cyclic guano-
sine monophosphate (cGMP) have the opposite effect on
intracellular calcium by promoting its reuptake into the
SR, thereby decreasing its availability for contraction. Thus,
drugs that increase cAMP, such as β-agonists or phospho-
diesterase inhibitors, will promote vasodilation. Nitroglycerin
and nitroprusside act by producing nitric oxide, which stim-
ulates the production of intracellular cGMP, promoting vaso-
dilation.

Inotropic drugs
In most patients with depressed CO, taking advantage of Star-
ling’s curve by increasing preload will increase stroke volume
and CO. If the patient does not respond to preload manage-
ment, then adding drugs that increase contractility may
improve CO and tissue perfusion. Positive inotropic drugs in-
crease cardiac contractility, stroke volume, heart rate, and CO.

The most commonly used inotropic drugs increase CO
by increasing the amount of cAMP produced in the cardiac
myocyte or inhibiting its breakdown.More cAMP in the cardiac
myocyte promotes greater calcium interaction with troponin C,
increasing contractility.

The difference among the cAMP-dependent agents is in
their effect on the peripheral vasculature. Some are inoconstric-
tors (increase contractility and increase vasoconstriction), some
are inodilators (increase contractility and promote vasodila-
tion), and some have mixed effects on the peripheral vascu-
lature. The choice of inotropic agent depends on the desired
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“side effect” on the vasculature to promote better tissue per-
fusion. cAMP-independent inotropes also have effects on the
peripheral vasculature that must be anticipated to determine
their effect on blood pressure and tissue perfusion. The most
commonly used inotropic agents are listed in the following text
and summarized in Table 71.2.

Epinephrine (mixed inotrope) is a naturally occurring cate-
cholamine that directly binds toβ1-,β2-,α1-, andα2-receptors,
with β effects predominating at lower doses and α effects pre-
dominating at higher doses. Therefore, it is an inodilator at
lower doses, in which β1- and β2-receptors dominate, and an
inoconstrictor at higher doses, in whichα-receptor stimulation
becomes stronger. At higher doses, stroke volume and COmay
decrease because of the intense α-receptor stimulation.

Dopamine (mixed inotrope) is another naturally occurring
catecholamine, whose effects are dose dependent. Dopamine
acts by directly stimulating dopaminergic receptors, as well
as β1-, β2-, and α1-receptors, and inducing the release of
stored norepinephrine. As with epinephrine, lower doses pro-
duce increased contractility and vasodilation, which transitions
to α-receptor–mediated vasoconstriction at higher doses. At
higher doses, stroke volume and CO may decrease because of
the intense α-receptor stimulation.

Dobutamine (inodilator) is a synthetic catecholamine with
a strong affinity for β1-receptors and weaker affinity for β2-
receptors. Its overall effect is to increase contractility and heart
rate with mild vasodilation (β2 effects).

Milrinone (inodilator) is a phosphodiesterase III inhibitor
that increases myocyte and vascular smooth muscle cell
cAMP by inhibiting its breakdown. Milrinone produces pos-
itive inotropy and improved diastolic relaxation (lusitropy).
It may induce less tachycardia compared with catecholamine
inotropes. It is a potent vasodilator affecting both venous and
arterial vascular beds. Loading milrinone may cause hypoten-
sion in patients who do not have adequate preload, because of
the arterial and venous dilation caused by the drug. It has a
longer half-life than a catecholamine drug, which may make
it harder to titrate. Milrinone is usually chosen when cate-
cholamine drugs do not produce the desired increase in CO
or the clinician wants to take advantage of its vascular dilating
properties. It may also have advantages in patients with reduced
available β-receptors due to chronic sympathetic stimulation
(i.e., congestive heart failure) or blocked by β-receptor antago-
nists, andmayhave synergistic inotropic effectswhen combined
with inotropes that act directly through β-receptor activation.

Glucagon (inodilator) binds to the glucagon receptor and
causes an increase in intracellular cAMP.This increase in cAMP
in cardiac myocytes enhances cardiac contractility. It is rarely
used, however, because of its multiple side effects (nausea, vom-
iting, hyperglycemia, hypokalemia, and anaphylaxis).

Calcium chloride (inoconstrictor) provides a source of free
calcium ions and acts as an inotrope if free ionized calcium
concentrations are low within the patient. If free ionized cal-
cium concentrations are normal, fewer inotropic effects will be
noticed. Calcium chloride is also a potent vasoconstrictor and

likely will have negative effects on cardiac diastolic function.
The administration of calcium immediately after reperfusion of
the myocardium after cardiopulmonary bypass should be per-
formed cautiously, because it may be associated with exacerbat-
ing reperfusion injury and worsening diastolic function of the
heart.

Vasoconstrictors
Vasocontrictors induce contraction of vascular smooth mus-
cle. Arterial vasoconstriction results in increased SVR, lead-
ing to increased mean arterial pressure (MAP = CO × SVR).
Constriction of venous capacitance vessels results in increased
preload and increased CO. When using vasoconstrictors, end-
organ perfusion must be monitored closely. Vasoconstric-
tors may be used to temporize hypotension due to decreased
preload, but should not replace adequate volume resuscitation.
Table 71.3 describes the different vasocontrictors or vasopres-
sors commonly used in the operating room.

Phenylephrine is a direct-acting α1-agonist that causes
primarily peripheral arterial vasoconstriction, with minimal
venous effects. It has a short duration of action (minutes).
Phenylephrine is commonly used to treat hypotension due to
decreased vascular resistance by increasing afterload. It usually
does not affect heart rate or contractility, but may cause a reflex
bradycardia.

Ephedrine is a sympathomimetic drug that acts by indirectly
releasing norepinephrine from stores in the nerve terminal. It
also has mild directα,β1, andβ2 effects.Themildβ effects will
increase heart rate and contractility. Repeat dosing may lead to
tachyphylaxis, with less norepinephrine being released from the
nerve terminal than with the initial dose.

Norepinephrine is a direct-acting α1-, α2-, and β1-agonist.
The α effects dominate, causing intense α-receptor vasocon-
striction throughout the dosing range. It is useful in hypoten-
sion refractory to phenylephrine (α1 only) and has the added
effect of increasing cardiac contractility.

Vasopressin is an antidiuretic hormone that at higher
doses stimulates smooth muscle vasopressin receptors to cause
vasoconstriction. Vasopressin does not affectα- orβ-receptors.
It is used in a variety of low SVR states and as a second-line
agent when norepinephrine fails to adequately increase SVR
(persistent vasoplegia). Vasopressin may be effective for treat-
ing angiotensin-converting enzyme inhibitor– or angiotensin
receptor blocker–mediated hypotension during general
anesthesia.

Methylene blue has a complex mechanism of action, and
there are only a limited number of clinical trials available. It
inhibits the nitric oxide/cGMP pathway by inhibiting nitric
oxide synthase. Methylene blue has been used effectively in
nitric oxide–mediated vasoplegic syndrome, in which patients
with profound vasodilation do not respond to conventional
vasopressors.

Vasodilators produce vascular smooth muscle relaxation,
resulting in decreased SVR. Their primary indications are
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Chapter 71 – Cardiovascular Pharmacology

for elevated SVR and myocardial ischemia and failure.
Table 71.4 lists the most commonly used vasodilators in anes-
thesia.

Nitroglycerin is a direct smooth muscle vasodilator metab-
olized in the body to nitric oxide. This results in increased
vascular smooth muscle cell cGMP, which causes vascu-
lar smooth muscle relaxation. Nitroglycerin primarily causes
venous dilatation, decreasing cardiac preload, with some arte-
rial dilation at higher doses. Coronary arterial blood vessels
are dilated throughout the dosing range. Nitroglycerin may
be used to control hypertensive episodes, but other agents are
more effective.Nitroglycerin is also effective in treatingmyocar-
dial ischemia by decreasing preload and myocardial wall ten-
sion and improving coronary blood flow to ischemic areas of
myocardium, as long as perfusion pressure is maintained. Tol-
erance to infusionsmay occur after 24 hours. It is less toxic than
nitroprusside, although methemoglobinemia is possible after
prolonged infusions at high doses.

Nitroprusside is a direct vasodilator that acts by producing
nitric oxide. It causes profound vasodilation of both arteries and
veins, with arterial dilation predominating at lower doses. It is
used to control systemic hypertension. Nitroprusside needs to
be protected from light. Continuous blood pressure monitor-
ing via an arterial line is recommended because of its potency.
Nitroprusside may cause both cyanide and thiocyanate toxic-
ity. Cyanide production results from nitroprussidemetabolism.
Cyanide inhibits oxidative phosphorylation, drastically reduc-
ing adenosine triphosphate (ATP) production in cells. Signs
of toxicity include tachyphylaxis, elevated mixed venous oxy-
genation (cells unable to use oxygen), and metabolic acido-
sis. In patients receiving prolonged (�24 hours) or high-dose
(�8 µg/kg/min) infusions or in those with end-organ dysfunc-
tion (liver or kidney), it is advisable to check cyanide levels.The
kidneys eliminate thiocyanate, a product of cyanidemetabolism
by the body. Toxic levels of thiocyanate may exist in patients
with renal dysfunction or after prolonged infusions, resulting
in central nervous system dysfunction.

Fenoldopam is a selective peripheral dopamine receptor
(DA1) agonist, rapidly lowering blood pressure by causing dila-
tion of arteries. It also induces diuresis. It does not have toxic
metabolites.

Hydralazine, a direct vasodilator, acts via the cGMP path-
way. It causes more arterial than venous dilation, with little
effect on preload. Its onset of action is the slowest of the drugs
on this list, taking up to 20 minutes to achieve peak effect.
Hydralazine is not an effective drug for acute hypertensive cri-
sis because of its slow onset. However, it can be used to reduce
doses of other, faster-acting drugs (e.g., nitroprusside).

Nicardipine is a dihydropyridine calcium channel blocker
that has an intravenous formulation used to treat hyperten-
sion. It primarily causes arterial dilation with minimal venous
(preload) and cardiac (contractility, heat rate) effects. It has a
longer half-life than vasodilator infusions so bolusing is needed
to achieve therapeutic levels.

β-Blocking drugs
β-Blocking drugs bind to β-receptors, antagonizing their
effects. β-Blockers decrease heart rate and contractility and
affect cardiac conduction (atrioventricular [AV] nodal conduc-
tion, refractory period). Each β-blocker has different recep-
tor affinities (β1, β2, α), although selectivity for a particu-
lar receptor likely decreases as dosages of the medication are
increased. Metabolism and half-life are different for each β-
blocker. In patients with chronic obstructive lung disease or
asthma, a selective β1-blocker is less likely to exacerbate symp-
toms. Table 71.5 lists examples of selective and nonselective β-
blockers commonly used in the operating room. The following
bulleted list includes β-blocker indications, complications, and
treatment of toxicity.

Indications:
� Hypertension
� Arrhythmias (especially supraventricular)
� Myocardial ischemia and infarction
� Dynamic ventricular outflow tract obstruction
� Perioperative cardiac morbidity and mortality
Monitor for:
� Severe bradyarrhythmias
� Heart block
� Bronchospasm (use a selective β1-blocker in susceptible

patients)
� Congestive heart failure (especially in patients with low

ejection fractions)
� Withdrawal syndrome with abrupt discontinuation of

β-blockers (hypertension and tachycardia)
Treatment of toxicity:
� β-Agonists (may need large doses to overcome blockade)
� Cardiac pacing
� Calcium, milrinone, glucagon, thyroid hormone (the

mechanism of action of these agents does not involve
β-receptors)

Hemodynamic effects:
� Decreased heart rate
� Decreased contractility
� Decreased blood pressure
� Decreased CO
� Decreased AV node conduction
� Increased refractory period

Calcium channel blockers
Calcium channel blockers interact with L-type calcium chan-
nels, blocking calciumentry into the cell. Calciumentry into the
myocardial cell not only is part of the cardiac action potential
but also induces calcium release from the SR, dramatically
increasing calcium in the cytoplasm, thereby increasing con-
tractility of the myocardium and increasing smooth muscle
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Chapter 71 – Cardiovascular Pharmacology

Table 71.5. β-Blockers

Drug Action Onset β Half-life, h Elimination IV dose

Propranolol β1-, β2-antagonist 2–5 min 3.5–4.0 Hepatic 0.5–1.0 mg prn
Labetalol β1-, β2-, α1-antagonist

Ratio of α-to-βblockade is 1:7
2–5 min 3–5 Hepatic 10–40 mg prn

(max. 300 mg)
Metoprolol Selective β1-antagonist 5 min (peak 20 min) 3–4 Hepatic 1–5 mg prn

(max, 15 mg)
Esmolol Selective β1-antagonist Rapid 9 min Red blood cell and plasma

esterases
0.25–0.5 mg/kg prn
Infusion: 50–300 µg/kg/min

IV, intravenous; prn, as needed.

tone in arterial vessels. By blocking the L-type calcium chan-
nel, contractility and heart rate are decreased. Calcium channel
blockers are arterial vasodilators with minimal venous dilation.
Verapamil and diltiazem affect the myocardium and produce
arterial vasodilation.Nicardipine only produces arterial vasodi-
lation. Table 71.6 gives examples of calcium channel blockers
commonly used in the operating room. Following are the hemo-
dynamic effects, indications, and treatment of calcium channel
blocker overdose.

Hemodynamic effects:

� Prolong AV nodal refractory period (verapamil �
diltiazem)

� Decrease heart rate by affecting the sinoatrial node
(verapamil � diltiazem, possible reflex increase with
nicardipine)

� Cause no change in preload
� Decrease SVR
� Decrease blood pressure
� Decrease CO (verapamil, diltiazem, possible increase with

nicardipine)
� Depress myocardial contractility (verapamil � diltiazem,

not nicardipine)

Indications:
� Hypertension
� Supraventricular arrhythmias (verapamil, diltiazem)
� Arterial and coronary vasospasm
� Myocardial ischemia (not as well established as β-blockers)
Monitor for:
� Hypotension (negative inotropic effects and vasodilation)
� Severe bradyarrhythmias
� Heart block
� Congestive heart failure (especially in patients with low

ejection fractions)
� Beware of additive effects in patients on β-blockers
Toxicity: Give calcium chloride, β-agonists, α-agonists, or mil-
rinone, or consider cardiac pacing.

Choice of inotrope or vasoactive drug
The most commonly used inotropes and vasoconstrictors are
adrenergic receptor agonists (epinephrine, norepinephrine,
dopamine, dobutamine, phenylephrine). They have been
around for a long time, with well-documented effects on the
cardiac myocyte and peripheral vasculature. Other inotropes
and vasoconstrictors work via other mechanisms noted in

Table 71.6. Calcium channel blockers

Drug Action Onset β Half-life IV Dose Comments

Verapamil Strong myocardial effects
Arterial dilation

3–5 min 3–10 h
Hepatic

1–2 mg prn (low dose,
especially during anesthesia)

Myocardial depression >

peripheral arterial vasodilation
Use low doses in GA, unstable

patients, or patients with
reduced EF

Rx: SVT, HTN, vasospasm, ischemia
Diltiazem Weaker myocardial effects

Arterial dilation
2–5 min 3–5 h

Hepatic and renal
20 mg bolus, then 5–15 mg/h

infusion
Lower doses with

hemodynamic instability

Less myocardial depression
compared with verapamil

Causes selective coronary artery
vasodilation

Rx: SVT, HTN, vasospasm, angina
Nicardipine
(see vasodilators)

No myocardial effects
Arterial dilation

Minutes 14 min
Hepatic

1–4 µg/kg/min Titrate to blood pressure
May cause phlebitis in peripheral

IV if infused for > 12 h

IV, intravenous; prn, as needed; GA, general anesthesia; EF, ejection fraction; SVT, supraventricular tachycardia; HTN, hypertension.
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the previous lists (milrinone, levosimendan, vasopressin,
methylene blue). Each inotrope and vasoactive drug has dif-
ferent advantages, disadvantages, and side effect profiles. The
nonadrenergic drugs often are used when adrenergic recep-
tor agonists either cause unwanted side effects (dysrhythmias,
tachycardia, changes in vascular tone) or fail to treat the cardio-
vascular problem (persistent vasoplegia, continued myocardial
depression). In addition, the combination of an adrenergic
receptor agonist (epinephrine) with a nonadrenergic inotrope
(milrinone) may result in an increased, synergistic response
(contractility), because both agents work to increase cAMP via
different mechanisms.

Understanding the complexity of calcium modulation in
cardiacmyocytes and vascular smoothmuscle cells is an impor-
tant factor in deciding the appropriate inotrope and/or vaso-
active drug needed to maintain adequate tissue perfusion and
oxygen delivery. There is no gold standard for choosing an
inotrope, vasoconstrictor, or vasodilator. The ideal drug would
have a singular effect, such as increasing contractility, and have
no effect on heart rate, rhythm, or vascular tone. Such drugs
do not exist, as each has different effects or side effects. Cate-
cholamines affect not only inotropy and chronotropy, but also
vascular smooth muscle tone. Milrinone increases contractil-
ity in the cardiac myocyte by increasing cAMP, but increased
cAMP also causes vasodilation. The choice of inotrope or
vasoactive drug has as much to do with its intended effect as
its side effects.
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Chapter

72 Adjunct cardiovascular drugs
Alexander C. Gerhart and Balachundhar Subramaniam

Although cardiovascular drugs that have a direct impact on car-
diac performance are important, it is also essential to under-
stand the mechanism, side effects, and utility of adjunct drugs
that are used for controlled anticoagulation and its reversal and
to minimize perioperative bleeding.

Heparin
Heparin is a naturally occurring, negatively charged muco-
polysaccharide with a molecular weight that varies from 10,000
to 30,000 Da. It is derived from either bovine lung or porcine
intestine. The anticoagulant effect of heparin occurs via bind-
ing of a specific pentasaccharide sequence within the heparin
molecule to antithrombin, also known as antithrombin III.
Antithrombin functions in the normal coagulation cascade to
limit the effect of thrombin. Binding of the heparin molecule
increases the activity of antithrombin by 1000- to 4000-fold.
Antithrombin also regulates the activity of factors Xa, IXa, XIa,
and XIIa.

Heparin has been used in clinical medicine for decades to
treat acute thrombotic events, to prevent deep vein thrombosis
(DVT), and for anticoagulation to facilitate cardiopulmonary
bypass. The anticoagulant effect of heparin is most often mea-
sured by activated partial thromboplastin time (aPTT) or
activated clotting time (ACT). Serial monitoring of anticoag-
ulation and titrated heparin dosing is essential because of the
variable and unpredictable effect of heparin in vivo.The antico-
agulant effect of heparin depends onmultiple factors.The size of
the heparin molecule delivered is highly variable, with smaller
molecules having a greater anticoagulant effect.The underlying
health of the patient, the amount of circulating antithrombin,
and preexisting liver disease or coagulopathy all affect heparin
dosing.

Adverse effects of heparin, in addition to bleeding com-
plications, are well described. The most important is that the
drug has a narrow therapeutic window. The goal is to provide
adequate anticoagulation without inducing bleeding. Given the
variable response to heparin dosing, this requires frequentmea-
surement of aPTT or ACT. As a derivative of either bovine or
porcine tissues, heparin may cause allergic reaction. Addition-
ally, heparin is known to induce osteoclast activity and therefore
may lead to bone demineralization. Finally, heparinmay induce
thrombocytopenia.

Heparin-induced thrombocytopenia
Heparin-induced thrombocytopenia (HIT) may be the most
frequent cause of drug-induced thrombocytopenia, with an
estimated incidence between 10% and 20% of patients exposed
to heparin. HIT describes two distinct clinical scenarios. HIT
type 1 is the result of direct antiplatelet effects of heparin
and produces a mild transient thrombocytopenia that is usu-
ally asymptomatic and rarely requires treatment. HIT type 2
is the result of naturally occurring IgG antibody-binding com-
plexes within the plasma formed by heparin and platelet factor
IV (PF4). HIT type 2 is much more serious and carries
a significant mortality risk if not identified and promptly
treated. The remainder of this discussion focuses on HIT
type 2.

HIT is a clinical syndrome that may occur in any patient
exposed to heparin. Risk factors include the use of unfraction-
ated heparin, long-term exposure, a large dose, the postsur-
gical setting, and repeat exposure. Common findings include
thrombocytopenia (platelet count decrease of 50%), occurring
approximately 4 to 10 days after exposure; signs of thrombo-
sis; and skin lesions at the site of heparin injection. In patients
exposed to heparin within the preceding 90 days, HIT may
develop as soon as 10 hours because of the presence of resid-
ual HIT antibodies.

Thrombotic events more commonly are venous, but may
be arterial and present as venous outflow obstruction, myocar-
dial infarction, mesenteric ischemia, cerebral vascular accident,
pulmonary embolism, or upper- or lower-extremity DVT. HIT
most commonly occurs in the setting of DVT prophylaxis or in
patients receiving long-term therapeutic anticoagulation; how-
ever, cases have been reported after catheter flushes with doses
as small as 250 IU, and in patients whose only exposure is
heparin-coated central venous catheters.

HIT occurs when naturally occurring IgG antibodies bind
the heparin/PF4 complex. This heparin/PF4/antibody com-
plex binds other platelets, causing increased release of PF4
and prothrombotic particles. PF4 released from platelets
binds additional heparin and IgG heparin-dependant antibod-
ies, forming more complexes in a positive-feedback manner.
Additionally, this heparin–platelet complexes and prothrom-
botic particles form aggregations at sites of endothelial injury.
These aggregations are responsible for the two most common
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clinical findings inHIT, thrombocytopenia due to consumption
of platelets, and thrombus formation.

A presumptive diagnosis of HIT is based on an otherwise
unexplained thrombocytopenia in a patient exposed to hep-
arin. The gold standard for diagnostic evaluation is the sero-
tonin release assay. This test is cumbersome, time consuming,
expensive, and unavailable in many laboratories. However, its
sensitivity and specificity both are very high. It is performed
by radiolabeling normal donor platelets with C14-serotonin.
These labeled platelets are then washed and exposed to patient
serum with low-dose heparin (0.1 U/ml). A positive test occurs
when the patient’s heparin/PF4/antibody complexes binddonor
platelets and cause release of the labeled serotonin.

More commonly, an enzyme-linked immunosorbent assay
(ELISA) is performed to identify heparin-dependant IgG anti-
bodies in a patient’s plasma.The sensitivity of this assay is 97%,
suggesting that a negative test makes the diagnosis of HIT very
unlikely; however, the specificity is only 74% to 87%, making
a positive test result less useful in the clinical setting. Because
many patients with heparin-dependant antibodies by ELISA do
not develop HIT, the clinician must carefully consider pretest
probability and interpret results accordingly. In many institu-
tions, ELISA is used as a screening test; in the case of positive
results and a high pretest probability, the serotonin release assay
is used to confirm the diagnosis. Treatment of HIT is focused
on the removal of all heparin, including heparin-coated cen-
tral lines and, in the setting of thrombosis, initiating anticoagu-
lation.

Anticoagulation in the setting of HIT
Anticoagulationmay be required for the treatment of thrombo-
sis associated with HIT or in the event of an emergent vascular
or cardiac event. Common clinical scenarios involve a patient
with either acute HIT or a recent history of HIT who develops
myocardial infarction or pulmonary embolism or requires anti-
coagulation for cardiac or vascular surgery.Therapeutic antico-
agulation may be accomplished with any of the direct throm-
bin inhibitors, including lepirudin, bivalirudin, argatroban, and
danaparoid. It should be noted that danaparoid is not available
in the United States, and that ideal dosing strategies and moni-
tor systems have not been fully developed for any of the afore-
mentioned agents. Low molecular weight heparin, although it
is less likely to trigger heparin-dependant antibody formation,
has nearly 100% cross-reactivity with heparin-dependant anti-
bodies; therefore, it cannot be used in the treatment of HIT.

Direct thrombin inhibitors
Lepirudin was the first direct thrombin inhibitor approved for
the treatment of HIT in the United States. It is a recombinant
form of hirudin, a naturally occurring protein found in the
saliva of the medicinal leech Hirudo medicinalis. Metabolized
and excreted by the kidney, massive overdose is possible in the
setting of undiagnosed renal failure.

Bivalirudin is a synthetic drug designed from lepirudin.
It also is approved for the treatment of HIT and has been
approved for use in percutaneous coronary intervention (PCI).
Metabolism occurs in the circulation by the action of plasma
proteases; however, there is a renal component to metabolism
and its effective half-life is prolonged in the setting of renal
failure.

Argatroban is another direct thrombin inhibitor that has
been approved for treatment of HIT and for PCI. It is metab-
olized primarily by the liver and may be a safer agent in the set-
ting of renal failure.

Danaparoid has been approved for the treatment of HIT in
many countries, including the European Union, Canada, and
Australia. It is currently unavailable in the United States. It has
approximately 17% cross-reactivity with heparin-dependant
antibodies and therefore may trigger HIT.

Unlike the anticoagulant effect of heparin, which can be
reversed with protamine and monitored with aPTT and ACT,
the effects of direct thrombin inhibitors are irreversible and
difficult to monitor. Bleeding time, aPTT, international nor-
malized ratio, and ACT all show increased values with the
direct thrombin inhibitors, but none has proven to be an ideal
measure of adequate coagulation. When using direct throm-
bin inhibitors, the clinicianmust workwith available laboratory
resources to find the most suitable measure of anticoagulation.

Anticoagulation in a patient with HIT
None of the direct thrombin inhibitors has been approved for
use in coronary bypass procedures; therefore, the following
description describes off-label uses. The use of heparin for pro-
phylaxis of DVT or treatment of acute thrombotic events con-
tinues to increase. The incidence of HIT is reportedly 0.3% to
2% of patients exposed to heparin. Therefore, the clinician is
likely to encounter a patient needing anticoagulation in the set-
ting of HIT. The choice of direct thrombin inhibitor must be
based on the patient’s medical history, with a focus on renal and
hepatic function, and the familiarity of the anesthesiologist, sur-
geon, and perfusionist with the available drugs. Additionally,
adequate laboratory services and monitoring equipment must
be confirmed.

The American College of Chest Physicians (ACCP) pub-
lished guidelines describing the approach to anticoagulation in
a patient with HIT. The guidelines separate patients into three
categories (Table 72.1). Those with a history of HIT and with
negative heparin-dependant antibodies, those with acute HIT
and positive antibodies, and those with subacute HIT whose
platelet counts have normalized but who have positive heparin-
dependant antibodies.

A starting reference for appropriate dosing regimens is listed
in Table 72.2. These doses are not meant to be absolute recom-
mendations. Actual dosing will depend on the type of monitor-
ing device used, the need for bypass, and the specific underlying
medical condition.
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Table 72.1. Approach to anticoagulation in a patient with HIT

History of HIT, negative
antibodies

Use unfractionated heparin
Can use familiar drug and monitoring
Avoid any heparin exposure before or after

coronary bypass
Safety is provided by the fact that

heparin-dependant antibodies require
4–5 d to appear

Acute HIT, positive
antibodies

Consider waiting until antibody negative
Consider all available agents
Review patient’s medical history
Lepirudin: renal metabolism
Bivalirudin: metabolized by plasma

proteases
Some renal metabolism
Argatroban: hepatic metabolism
Consider familiarity of team with available

agents and monitoring equipment

Subacute HIT, positive
antibodies

Consider waiting until antibody negative
If unable to wait, proceed as in the situation

of acute HIT

Protamine
Protamine is the only widely available agent for the reversal of
heparin. Protamine is a polycationic compound derived from
salmon milt. The mechanism of action involves the formation
of ionic bonds with free circulating heparin, which prevents the
binding of antithrombin. It is unclear what if any effect pro-
tamine has on heparin that has already bound to thrombin. Pro-
tamine is usually dosed at 1mg/100U of heparin to be reversed.
Caution must be used in the administration of protamine. If
rapidly infused (�50mg/10min), hypotensionmay result from
histamine released frommast cells. Additionally, protamine has
been implicated in both allergic and anaphylactoid reactions.

IgE-mediated allergic reactions may occur in any patient
who previously received protamine. IgG-mediated anaphylac-
toid reactions may be life threatening, leading to vasoconstric-
tion, pulmonary hypertension, and possible right heart failure.
If typical clinical manifestations of protamine reaction occur,
including hypotension, urticaria, flushing, bronchospasm, pul-
monary edema, or right heart failure, the initial treatment is to
immediately stop the protamine infusion and institute support-
ive therapy.

Hypotension may be treated with volume expansion and
an �-agonist such as phenylephrine or norepinephrine. Epi-
nephrine may be required to support right ventricular func-
tion, and nitrates may be used in the setting of pulmonary
hypertension. After hypotension related to histamine release is
treated with fluids and pressor agents, protamine can usually
be restarted and slowly infused. However, in the case of allergic
or anaphylactoid reaction, protamine may be contraindicated.
This has led to increasing research into agents that may be used
to reverse heparin. Presently researched alternatives to pro-
tamine include heparinase, recombinant PF4, hexadimethrine,
and dialysis-like heparin removal devices.

Antifibrinolytics
There are several drugs commonly in use that inhibit fibrinol-
ysis. Aprotinin, a nonspecific protease inhibitor, and the lysine
analogues tranexamic acid and aminocaproic acid are discussed
in this chapter.

Aprotinin is a serine protease inhibitor that has intrin-
sic procoagulant effects as well as antifibrinolytic and anti-
inflammatory effects mediated via its actions on thrombin,
kallikrein, plasmin, and other chemical mediators. It is derived
from bovine lung tissue and has been implicated in anaphy-
laxis and anaphylactoid reactions that have led to mortal-
ity. Exposure may lead to formation of IgG antibodies, and
repeat exposure within 12 months is relatively contraindicated.
It is administered most often for cardiac surgery in patients
with increased risk of bleeding. Facilities should always be in
place to treat precipitous hypotension, anaphylaxis, and cir-
culatory collapse prior to administering aprotinin. It is rec-
ommended that a 1-ml test dose be given 10 minutes before
additional dosing. Standard dosing varies between 1,000,000
to 2,000,000 kallikrein-inhibiting units (KIU) over 20 to 30
minutes, followed by an infusion of 250,000 to 500,000 KIU/h
for the duration of surgery. Aprotinin has been associated
with an increased incidence of perioperative renal failure and
mortality; consequently, its current availability is exceptionally
limited.

The two commonly used lysine analogues are aminocaproic
acid (5-g loading dose over an hour, then 1 g/h up to 8 hours)
and tranexamic acid, which share a common mechanism of

Table 72.2. Dosing regimens of alternate drugs

Drug Half-life Elimination Dose Notes

Argatroban 39–51 min Hepatic PCI 2–3 µg/kg/min
CPB 5–10 µg/kg/min

Danaparoid ∼25 h Renal Not clearly defined Unavailable in US
Ab cross-reactivity

Lepirudin ∼80 min Renal Bolus, 0.25 mg/kg
Infusion, 0.5 mg/min

Bivalirudin 25 min Plasma proteases Bolus, 1.5 mg/kg
Infusion, 2.5 mg/kg/h

Ab, antibody; CPB, cardio pulmonary bypass; PCI, percutaneous intervention.
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action. Most often given in the setting of cardiac surgery, or
in the treatment of bleeding following oral or urologic surgery,
lysine analogues are competitive inhibitors of lysine binding
sites located on plasminogen and fibrinogen. They inhibit the
formation of plasmin and inhibit fibrinolysis. Caution should
be used in the setting of renal disease; dose reduction may be
considered. Lysine analogues have been known to cause tran-
sient hypotension with rapid intravenous administration.
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Chapter

73 Coronary artery bypass grafting utilizing
cardiopulmonary bypass
Theresa S. Chang and John A. Fox

Introduction
The introduction of cardiopulmonary bypass (CPB) techniques
in the 1950s helped facilitate surgical treatment of congeni-
tal and valvular heart disease. Surgical treatment of coronary
artery disease using the heart–lung machine was pioneered in
the 1960s when surgeons bypassed obstructive coronary artery
lesions using saphenous veins or left internalmammary arteries
as conduits. In the recent decade, technologic advances in surgi-
cal instrumentation have paved the way for surgeons to employ
novel techniques to graft obstructed coronary lesions, ranging
from robotic and port access surgery, in which small inser-
tions are placed in the chest, to avoiding use of the heart–lung
machine entirely in so-called off-pump coronary artery bypass
graft (CABG) surgery or by transmyocardial laser revascular-
ization. However, because surgical treatment of coronary artery
disease in most patients still requires use of the heart–lung
machine, this chapter focuses on the anesthetic management of
CABGwhile onCPB. In addition toCABGprocedures, CPBhas
been used for surgical procedures such as cardiac valve repair
or replacement; repair of congenital heart defects, aneurysms,
septal defects; and heart transplantation.

The American College of Cardiology and the American
Heart Association reviewed the literature on studies related to
CABG and put together guidelines outlining the indications for
the procedure. These include (1) significant left main coronary
artery disease; (2) left main equivalent, defined as 70% steno-
sis of both the proximal left anterior descending artery (LAD)
and proximal left circumflex artery (LCA); and (3) multives-
sel disease (with a greater survival benefit in those with normal
left ventricular function, defined as a measured left ventricular
ejection fraction � 50%). For those with stable angina, indica-
tions for surgery are broadened to include (1) two-vessel disease
with significant proximal LAD obstruction, (2) one- to two-
vessel coronary artery disease without proximal LAD steno-
sis but with a large area of viable myocardium at risk; and (3)
severe, incapacitating angina despite maximal medical therapy.

Coronary artery anatomy
To understand coronary revascularization, one must first
understand coronary artery anatomy (Fig. 73.1). The left main
coronary artery (LMCA) and the right coronary artery (RCA)

originate from the aortic root. The LMCA divides into the left
anterior descending coronary artery (LAD) and left circumflex
coronary artery (LCA). The LAD divides further to the diag-
onal and septal branches, providing blood to the anterolateral
portion of the heart, the interventricular groove, and the His–
Purkinje system. The obtuse marginal branches coming off of
the LCA, supply blood to the lateral freewall of the left ventricle.
The RCA splits off into the acute marginal branches, which per-
fuse the anterior wall of the right ventricle. Inmost patients, the
RCA gives rise to the posterior descending artery (PDA), pro-
viding blood to the posterior portion of the left ventricle.These
patients are considered to have a right dominant system. In the
remaining patients, the PDA comes off the LCA and therefore
is classified as having a left dominant system. Rarely, the PDA
can arise from both the LCA and RCA and be classified as a
codominant system.

Myocardial oxygen supply and demand
Cardiac function depends on maintaining a balance
between oxygen supply and demand. Increasing myocar-
dial contractility, heart rate, or myocardial wall tension in-
creases the oxygen demand of the heart, whereas myocardial
oxygen supply is decreased by decreasing coronary artery
blood flow, arterial oxygen content, or oxygen extraction.
Heart rate and end-diastolic pressure are on both sides of the
supply–demand equation. Thus, any increase in heart rate and
end-diastolic pressure (volume) decreases myocardial oxygen
supply while increasing myocardial oxygen demand.

Monitoring
In addition to the standard American Society of Anesthesiolo-
gists monitors, specialized monitors are used in CABG patients
to help guide perioperative management. A Foley catheter
measures urine output throughout the procedure. Five-lead
electrocardiographic (ECG) monitoring allows for the discern-
ment of arrhythmias, as well as the detection of more than
90% of all ischemic events if leads II and V5 are used. Arte-
rial blood pressure monitoring permits assessment of beat-to-
beat perfusion and provides a port for frequent arterial blood
gas (ABG) and other laboratory measurements. Central line
placement provides available ports for vasoactive medication
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Figure 73.1. Coronary artery anatomy

administration; the transduction of a central venous pressure
waveform can provide an assessment of volume status. In more
complex patients with cardiac failure or pulmonary hyperten-
sion, a pulmonary artery catheter may be placed to evalu-
ate ventricular filling pressures, pulmonary vascular resistance,
cardiac output, core temperature, andmixed venous oxygen sat-
uration. It may also be used for transvenous pacing. Although
a transesophageal echocardiogram (TEE) is not essential in all
patients undergoing a CABG, in those with baseline ventricular
dysfunction (left ventricular ejection fraction �40%) or valvu-
lar disease, it may be a useful tool to detect new wall motion
abnormalities, areas of ischemia, or changes in valve function.
The electroencephalogram or cerebral saturation may be used
tomonitor the well-being of the brain, and both have been used
in situations in which deep hypothermic circulatory arrest is
warranted to place a graft on a diseased aorta.

Perioperative management
Induction of anesthesia
Debate on the proper type of anesthetic agent to induce a
patient undergoing CPB surgery has steadily evolved through-
out the years. Early in the advent of cardiac surgery, barbitu-
rates and inhalational agents were commonly used, in the first
cardiac surgical patients of Gibbon and Lillihei in the 1950s.
As monitoring techniques becamemore advanced, the need for
achieving hemodynamic stability and preventing myocardial
depression became recognized.

As time passed, observations were made that sedating post–
cardiac surgical patients in the intensive care unit on a mor-
phine regimen of 0.5 to 3 mg/kg provided little derangement
in hemodynamic measurements. In 1969, Lowenstein et al.
published hemodynamic observations based on patients under-
going cardiac surgery who were induced with 1 mg/kg of mor-
phine, which validated the relative safety of its use, ushering in
the era of a high-dose narcotic technique for these patients.This
type of anesthetic was not optimal, however, because patients
still had inadequate anesthesia and hypotension, likely related
to the histamine effects of morphine, and required large vol-
umes of fluid and blood perioperatively.

In the late 1970s, a fentanyl-based anesthetic was used by
Stanley and Webster for inducing cardiac surgical patients and
gradually supplanted the use of morphine for an opioid-based
induction agent. When first used as a total anesthetic with a
relaxant and a benzodiazepine, doses of up to 100 to 150 �g/kg
of fentanyl comprised the total anesthetic. This technique pro-
duced hemodynamic stability and allowed a prolonged recovery
time so that the heart could recuperate from the effects of CPB
and achieve homeostasis. Rarely were these patients extubated
the day of surgery. In the past decades, however, studies have
suggested that heavy postoperative sedation does not change
outcomes. It was soon appreciated that patients in the younger
age range with normal ventricles who underwent an uncom-
plicated operation could be extubated sooner (with a potential
increase in patient satisfaction and decrease in resource uti-
lization). Thus, “fast-track” anesthesia was synonymous with
the goal of having patients extubated and recuperated early,
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Table 73.1. Effects of anesthetics on hemodynamics

Contractility Rate
Afterload
(SVR)

Blood
pressure Comments

Intravenous
induction agents
Propofol ↓ ↑ ↓ ↓ Dose-dependent BP decrease, mostly secondary to

decrease in contractility and SVR
Thiopental ↓ ↑ ↓ ↓ Decreased SVR leads to venous pooling and preload

with reflex tachycardia
Etomidate – – ↓ ↓ Decline in MAP and SVR minimal compared with other

agents
Ketamine ↑ ↑ ↑ ↑ Not typically used unless tamponade is an issue
Benzodiazepines – ↑ ↓ ↓ Hypotensive effect is dose-dependent, slow onset time
Fentanyl ↓/- ↓ – ↓ Previously used in large doses to achieve hemodynamic

stability
Volatile agents
Desflurane ↓/- ↑ ↓ ↓ Potential myocardial protection with desflurane use
Isoflurane ↓/- ↑ ↓ ↓ Theories of coronary steal unproven
Sevoflurane ↓/- ↑ ↓ ↓ Useful for inhalation induction

BP, blood pressure; MAP, mean arterial pressure.

which was advocated for CABG patients without complica-
tions. In some institutions, all patients are administered a fast-
track cardiac anesthetic protocol and the decision to ventilate
a patient overnight is based on the surgery or the postoperative
course. An anesthetic technique using 10 to 15�g/kg of fentanyl
combined with etomidate or thiopental for induction and an
inhalational agent formaintenance is used inmany institutions.
Recently, anesthetics such as propofol, remifentanil, sufentanil,
dexmedetomidine, anddesflurane have beenused to allow extu-
bation within the first few hours post cardiac surgery. Multi-
modal approaches with intrathecal opioids or thoracic epidural
analgesia also may be used in the CABG patient, but only after
discussion with the surgical and intensive care unit teams.

Any technique can (and has) been used safely and success-
fully in caring for cardiac surgical patients; therefore, whatever
anesthetic is chosen, one must first understand the pathophys-
iology of the disease process for which the patient requires
surgery and must treat the hemodynamic consequences
accordingly. The hemodynamic effects of intravenous agents
and selected inhalational agents are summarized in Table 73.1.

Effects of anesthetics on hemodynamics
A thorough understanding of the effects of anesthetic agents is
crucial, because the anesthesiologistmust anticipate the physio-
logic consequences of the medications administered to prevent
imbalances in the myocardial oxygen supply–demand ratio.

Anesthetic management prior to CPB
After the induction of anesthesia, the anesthesiologist must be
aware of the sequence of events leading up to a patient being
safely placed on CPB. After prophylactic antibiotics are admin-
istered, antifibrinolytics are administered to prevent the onset
of primary fibrinolysis triggered by CPB. Aminocaproic acid
is given at a bolus of 5 to 10 g followed by an infusion at

1 g/h. If tranexamic acid is used, then a bolus of 10 mg/kg is
given, followed by an infusion at 1 mg/kg/h. Aprotinin is an
antifibrinolytic that previously was popular for its effectiveness
in decreasing perioperative blood loss and transfusion require-
ments (especially for those at high risk for perioperative bleed-
ing). In the past few years, however, its use has fallen out of favor
because of the potential increased risk of renal failure, myocar-
dial infarction, and stroke, as well as the increased mortality
rates compared with the other lysine analogues.

During the maintenance of anesthesia, one must be able
to anticipate the times high levels of stimulation are about
to take place versus the times low levels of stimulation will
occur. Periods of high sympathetic stimulation (incision, ster-
nal split/spread, aortic cannulation) must be foreseen and
managed so that tachycardia, dysrhythmias, hypertension, and
heart failure can be prevented, because these alterations ulti-
mately increase the myocardial oxygen demand and decrease
the myocardial oxygen supply. In particular, during aortic can-
nulation, most surgeons prefer that the systolic blood pres-
sure be dropped to below 100 mm Hg to prevent an aortic
dissection or excessive bleeding during cannulation. At this
time, a sufficient level of anesthetic must be achieved. If this
is not enough to blunt the sympathetic response, then the
administration of �-blocking agents or other blood pressure–
lowering agents (venodilators such as nitroglycerin or nitro-
prusside) may be warranted. Doses of at least 20 �g/kg of fen-
tanyl are commonly given preemptively to blunt the response.
The patient’s hemodynamic status should be thoroughly mon-
itored with arterial pressures, central venous pressures, pul-
monary artery pressures, mixed venous oxygen saturations (if
applicable), and TEE. During times of low-level stimulation
(saphenous vein graft/internal mammary harvesting), the pres-
sure may decrease, and perfusion to the coronaries might be
compromised, with resultant signs of ischemia. In this situa-
tion, one may add back sympathetic tone with phenylephrine
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or ephedrine or simply increase intravascular volume to bring
the blood pressure to the desired level. Should ischemia occur
persistently despite optimal anesthetic and hemodynamicman-
agement at any time before bypass, the surgical team should be
informed and a discussion should take place regarding whether
to initiate bypass or place an intra-aortic balloon pump. Should
this need arise, it is essential that communication regarding the
level of heparinization take place prior to cannulation. If a retro-
grade cardioplegia cannula is placed in the coronary sinus, the
blood pressure should bewatched vigilantly for sudden declines
due to manipulation of the heart. If sudden hypotension occurs
after securing the cannula, the differential diagnosis includes
blood loss, compression of the heart, dysrhythmias, systemic
embolization of clot/air, and aortic dissection. After the retro-
grade catheter is placed, the waveform should be transduced to
assure proper placement and for pressure monitoring during
bypass. Oftentimes, if a TEE is placed, the retrograde cannula
placement can be confirmed by echoing the coronary sinus.

For repeat CABG operations, blood should be immediately
available in case there is inadvertent damage to the right ventri-
cle or grafts adherent to the sternum. In many of these patients,
cannulation of the femoral vessels might be performed prior to
the sternotomy, so that the patient can be placed on partial CPB.
Oftentimes, this will allow the empty heart to fall away from the
sternum, facilitating a safer sternotomy. Again, a proper level
of heparinization should be confirmed with an intraoperative
coagulation measurement.

Heparin is administered for anticoagulation prior to CPB
to prevent clot formation in the CPB circuit and is moni-
tored by checking either the activated clotting time (ACT)
or heparin levels (depending on the bedside device used at
each institution). An ACT level of at least 300 seconds is
required before initiating CPB if the circuits are coated with
a heparin/anticoagulation surface or from 400 to 480 sec-
onds if no anticoagulation coating is used. Different institu-
tions have different target levels. Cannulation and institution of
CPB must not be performed unless adequate anticoagulation
is confirmed. Anticoagulation is checked at regular intervals
during CPB, and additional heparin is administered if neces-
sary. If resistance to heparin becomes an issue, then the patient
most likely has an antithrombin III deficiency. If antithrom-
bin III is low, there is not enough of this serine protease,
which irreversibly inactivates thrombin and other factors, to
bind to heparin and cause adequate anticoagulation. Patients
with this deficiency must then be administered fresh frozen
plasma, antithrombin III concentrate, synthetic antithrombin
III, or a recombinant form of the molecule. However, if the
patient has a history of heparin-induced thrombocytopenia,
then alternate anticoagulants such as hirudin, bivalirudin, or
argatroban can be administered, because exposure to hep-
arin might cause thrombocytopenia, with a potential for
thromboembolism.

After adequate anticoagulation is achieved and the patient
is cannulated, one may review the pre-CPB checklist to ensure
that a patient is ready to go on CPB (Table 73.2).

Table 73.2. Pre-CPB checklist

A Anticoagulation: Is it adequate (ACT > 300 s); anesthetic depth: Is it
appropriate? (Need for hypnotic, neuromuscular blocker? Good
MAC of volatile anesthetic?)

B Blood: What was the most recent Hct? Should packed RBCs be
included in the pump prime?

C Cannulas: Are they working appropriately? Catheters: Are the
monitors in place, functioning well? Pulmonary artery catheter
should be pulled back a couple of centimeters to prevent a
pulmonary artery rupture? Are transducers zeroed?

D Drips: are they off?

E Eyes: Note baseline pupil size for comparison, rule out neurologic
complications, edema

F Foley: Is the bag emptied (to ensure good urine volume while on
CPB)?

G Glucose: What is the most recent level? Should insulin be started?

Hct, hematocrit; MAC, minimum alveolar concentration; RBCs, red blood
cells

CPB
The CPB circuit and heart–lung machine are complex tools
used in cardiac surgery to give the surgeon a quiet (nonbeating)
bloodless heart so that an efficient and effective operation may
be performed.Theheart–lungmachinemechanicallymaintains
systemic circulation, oxygenates the blood, and allows for car-
bon dioxide elimination. In addition, it provides for the rapid
cooling and rewarming of blood.

TheCPBmachine has the following components (Fig. 73.2):

1. Venous reservoir: Venous blood is drained either by gravity
or by suction from the right heart. Venous blood enters the
CPB circuit via a cannula placed in the right atrium,
superior vena cava (SVC), inferior vena cava (IVC), or
femoral vein, and travels to the reservoir, where other
fluids and medications can be mixed. Total CPB occurs
when all the venous return goes to the venous reservoir.
This occurs only when tourniquets are placed around the
SVC and IVC. Partial CPB occurs when only a portion of
blood bypasses the heart, but the rest is allowed to enter
the pulmonary circulation.

2. Oxygenator: Blood is pumped from the venous reservoir to
an artificial membrane that allows the diffusion of oxygen
and anesthetic agents to the blood, and elimination of
carbon dioxide.

3. Heat exchanger: A heat exchanger allows cooling and
warming of the blood.

4. Arterial filter: It is used to prevent air and unwanted debris
from being returned to the patient, and is the last device
placed in the circuit before blood returns to the patient.

5. Venous blood pump (arterial pump head): This pump
forces venous blood through the membrane oxygenator
and then to the patient’s aortic root or arterial system. The
venous blood pump is the “heart” of the heart–lung
machine.
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Figure 73.2. Essential components of a cardiopulmonary bypass ciruit.

6. Cardiotomy pump: This separate device in the pump
allows blood to be returned to the heart–lung machine
instead of being placed in the disposal reservoir. There are
usually two cardiotomy or “waste” pumps in a heart–lung
machine.

7. Cardioplegia: This separate pump head is used to deliver
solutions (usually high potassium) to arrest the heart
during aortic cross-clamping.

8. Monitors: The perfusionist is trained to set up several
pressure monitors within the circuit, level detectors on the
venous reservoir that provide a feedback loop to lower the
flow if the reservoir decreases and to calibrate saturation or
blood gas monitors within the circuit.

9. Tubing: The tubing and connectors through which blood
flows may be coated with a heparin-like material or they
may be plain polyvinyl chloride.

An understanding of the physiologic effects of CPB allows
for optimal perioperative management of patients undergoing
cardiac surgery. The physiologic effects of CPB are shown in
Fig. 70.3.

1. Change in blood flow: Systemic blood flow is dialed by the
machine. Generally, blood flow is maintained at 2.5
L/min/m2 to meet the metabolic needs of an anesthetized
patient. Maximal flow is limited by the venous return,
which is a function of the patient’s venous capacity, or in
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Figure 73.3. Physiologic effects of CPB.

institutions where gravity drains the right heart, can be
determined by the difference in height between the
operating room table and the bypass reservoir. Resistance
of the venous and arterial cannulas, extracorporeal circuit,
and vasculature also plays a role.

2. Change in pulsatility: When transitioning from the
systemic circulation to the CPB machine, pulsatile flow
stops. Potential advantages of persistent pulsatility include
enhanced lymphatic flow and tissue perfusion, as well as a
decreased neuroendocrine response. Although
theoretically it would be better to maintain flow in the
extracorporeal circulation nearly physiologic, there is still
controversy over whether the proposed benefits really
make a difference in outcomes. For this reason, and
because methods of producing pulsatile flow are complex

and expensive, focus has turned away from achieving
pulsatile flow during bypass in many
centers.

3. Interaction between blood and nonphysiologic surfaces
compounded by shear stresses: Initiation of CPB triggers
many potential causes of adverse hematologic and
inflammatory responses. An increase in shear stress causes
red blood cells to become stiffer and more vulnerable to
hemolysis. Neutrophil concentrations initially decrease
while a patient is on the heart–lung machine, but then may
rebound during rewarming. Complement is activated, and
the production of anaphylatoxins from ischemia
reperfusion injury causes a systemic inflammatory
response. As a result, there is a decrease in systemic
vascular resistance and increased capillary permeability.
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Platelets are activated, degranulated, and basically
rendered nonfunctional by the heart–lung machine.

4. Exaggerated stress response: Because CPB is not a natural
phenomenon for the body, high concentrations of
catecholamines such as epinephrine, norepinephrine, and
adrenocorticotropic hormone are secreted into the
circulation. Not only does this affect end-organ blood flow
patterns, it also causes increased metabolic requirements
and potential tissue breakdown. Hyperglycemia is
common in both diabetics and nondiabetics. Thus, strict
glucose monitoring and control become necessary.

5. Temperature change: Hypothermia (both systemic and
myocardial) decreases myocardial oxygen consumption.
Myocardial hypothermia is achieved by the administration
of cold cardioplegia in the aortic root (i.e., antegrade
cardioplegia) while the aorta is clamped, or in the coronary
sinus (known as retrograde cardioplegia). Placing chilled
saline or ice directly on the heart may allow topical
cooling. Systemic cooling can be achieved with the blood
heater/cooler device in the machine. Lower oxygen
consumption from hypothermia should result in a lower
mixed venous O2 saturation on CPB.

6. Hyperkalemia: Cardioplegia high in potassium
concentrations is used to achieve cardiac arrest. Although
such high levels are anticipated during CPB, if high
potassium levels persist after the patient is taken off CPB,
treatment with calcium chloride or glucose and insulin
may be helpful. Potassium also may be shifted into cells by
hyperventilation or bicarbonate
administration.

7. Hypotension: This results from several factors at the
initiation of CPB that cause a decrease in systemic vascular
resistance:

� The administration of priming fluid (usually 800–1500
ml of crystalloid) decreases blood viscosity by
hemodilution. Normally, the hematocrit during CPB is
between 20% and 25%.

� Dilution of systemic catecholamines
� Temporary hypoxemia from asanguinous fluid
� Fluid that has a low pH, and low levels of calcium and

magnesium

Management of patients on CPB
Once CPB has been initiated, the cardiac output is determined
by the pump flow rate, which is controlled by the perfusion-
ist. Because all respiratory functions are also controlled by the
machine, ventilation of the lungs is stopped, allowing a quiet
operating field for the surgeon.

ACT is frequently monitored to ensure adequate anticoag-
ulation while on CPB. Arterial blood gases should be checked
every 30 to 60 minutes to monitor for appropriate oxygen and
CO2 levels. Electrolytes, hemoglobin, and blood glucose lev-
els should also be monitored and treated accordingly. Although

a degree of hyperkalemia is typical secondary to cardioplegia
administration, potassium levels should be normalized by the
time a patient is ready to be weaned from CPB.

Inhalational agents may be administered via the bypass cir-
cuit, and intravenous anesthetics may be given via an infusion.
Monitoring of neurologic function may be helpful in assessing
anesthetic depth.

Urine output should be monitored, and if oliguria occurs,
increasing the flow rate or administration of an osmotic (man-
nitol) or loop diuretic (furosemide) may be considered. Tem-
perature should be checked regularly from different sites. The
core temperature monitors organs that are well perfused (blad-
der, nasopharyngeal probes); rectal and skeletal muscle sen-
sorsmeasure the shell temperatures, whichmay lag behind core
temperature changes secondary to hypothermia-induced vaso-
constriction. The pulmonary artery catheter temperature can-
not be used while on CPB because of lack of blood flow through
the heart.The esophageal temperature readings alsomay not be
accurate because of the addition of ice or cold saline to the tho-
racic cavity during CPB.

Circulatory arrest
Circulatory arrest is used during surgery that may involve the
cerebral vessels originating from the aorta, or when a severely
diseased aorta cannot be cross-clamped. During circulatory
arrest, the patient’s systemic temperature is decreased to 15◦C
to 18◦C.This degree of hypothermia is crucial for decreasing the
cerebral metabolic rate while flow to the body is stopped. Some
clinicians advocate topical hypothermia by wrapping a towel
around the head and then icing the head. Additionally, some
clinicians administer medications such as sodium thiopen-
tal to achieve electroencephalographic suppression), steroids
(methylprednisolone, 30 mg/kg) for cerebral protection, and
mannitol (25g/kg) for end-organ and renal preservation.
However, few data support the benefits of these aforemen-
tioned medications, whereas the consensus is that only pro-
found hypothermia and the shortest possible time while in
circulatory arrest are actually known to prevent ischemic organ
damage. During ascending and aortic arch surgery, some sur-
geons give antegrade cerebral perfusion to provide intermittent
cerebral flow and oxygenation, thus prolonging the allowable
time for repair. Other surgeonsmay prefer the use of retrograde
cerebral perfusion through the SVC.

ABGmonitoring
When monitoring ABGs, clinicians must understand the basic
principles of temperature correction. Because there usually is a
difference in temperature between the ABG machine and the
patient, the results may vary. This is based on the idea that as
the temperature of blood decreases, oxygen and carbon diox-
ide become more soluble. As a result, the partial pressure of the
two gases decreases. Another consequence is that less water is
dissociated into OH− and H+, causing an elevation in the pH.
During analysis of the blood sample, however, the temperature
of theABGmachine is higher comparedwith that of blood.This
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Table 73.3. Arterial blood gas interpretation: pH-stat vs
Alpha-stat

pH-stat viewed by Alpha-stat viewed by
Parameter alpha-stat pH-stat

CO2 ↑ ↓
pH ↓ ↑
Condition Respiratory acidosis Respiratory alkalosis

elevated temperature decreases the solubility of gas in the blood,
causing the sample to have falsely elevated partial pressures of
CO2 and O2. The pH also is falsely lowered, because more H+

dissociation occurs with the higher temperature. Temperature
correction takes themachine’s values and corrects them to what
the patient is actually experiencing in vivo. Two methods have
been executed to manage patients undergoing CPB. In the pH-
stat approach, CO2 is added to the inspired gases to keep the
corrected CO2 level at 40 mm Hg. This in turn normalizes the
pH. In the alpha-stat approach, nothing is added. It is thought
that at the low in vivo temperature, although there is less disso-
ciation of H+, there is an equally decreased amount of OH– dis-
sociation. Electrochemical neutrality is thusmaintained. In this
method, the constant charge (of the amino acids in proteins)
is preserved and homeostasis is kept. This allows the patient’s
uncorrected PaCO2 and pH to be kept at normal levels. Table
73.3 shows the perspective of each method when viewed by the
alternative approach.

It has been theorized that alpha-stat management might
be preferential in patients undergoing CPB. This is based on
the suspicion that cerebral blood flow, and therefore the risk
of embolization, would increase with the addition of CO2 in
pH-stat management, because CO2 causes cerebral vasodila-
tion. With alpha-stat management, however, cerebral autoreg-
ulation is preserved. Because infants with congenital heart
disease undergoing CPB with deep hypothermic circulatory
arrest do not have atherosclerosis, the risk of embolization is
extremely low. pH-stat is commonly used in this population
because increased cerebral perfusion becomes the primary con-
cern. However, studies have not shown improved long-term
neurologic outcomes with either strategy.

Rewarming
Adequate time for rewarming is necessary when preparing for
weaning from CPB. If the rewarming process is too fast, there
is a risk of creating temperature gradients between the well-
perfused organs and those that are vasoconstricted.The admin-
istration of vasodilators (e.g., nitroglycerin) can circumvent this
and helps speed up the rewarming process. Rapid rewarming
also may cause the formation of gas bubbles, as gas solubil-
ity decreases with increasing temperatures. During this time,
because the patient’s metabolic activities also escalate, intra-
venous medication (opioids, benzodiazepines, or muscle relax-
ants) is administered to provide additional anesthesia, because

the risk for recall is greatest then, unless an intravenous anes-
thetic was instituted at the start of CPB. As the patient’s tem-
perature rises and the aortic cross-clamp is removed, the heart’s
electrical activity resumes as the heart is filled with blood. A
TEE may be used to evaluate for air, new valvular disease, or
change in myocardial function. The ECG is assessed for ST-
segment abnormalities, especially the right coronary artery –
leads II, III, aVF – because it is positioned at the superior aspect
of the heart and is thus vulnerable to air entrainment. If ventric-
ular tachycardia or fibrillation is seen, the heart should imme-
diately be defibrillated with internal paddles. A pacemaker may
be used to assist with cardiac output if the heart rate is low or if
the rhythm is irregular. Communication with the perfusionist
about vasopressor requirements on CPB may indicate the need
for intravenous support while coming off bypass. Ventilation is
resumed once blood flow is permitted through the respiratory
circulation.

Management of patients during
the post-CPB period
Weaning from CPB is a gradual process in which 100% of the
mechanical work is transitioned from the CPB machine to the
patient’s own heart. Assessment of whether the patient can tol-
erate weaning from CPB is crucial. The patient’s physiologic
variables must be analyzed and optimized quickly. Core tem-
peratures should be at least 36◦C. A vasodilator should also be
available in case hypertension develops or new ECG changes
ensue. Laboratory values should be adequate (without anemia,
acid–base, or electrolyte abnormalities), and a stable rhythm
should be present. A heart rate of 80 to 100 bpm is usually
necessary to ensure adequate cardiac output (paced or other-
wise), because otherwise there is a decreased ability to increase
stroke volume post CPB. Coronary arteries that are grafted
have amore favorable oxygen supply/demand ratio, so ischemia
should not be an issue at higher rates. If the heart rate is
� 120 bpm, however, the etiology should be identified and
treated quickly, because too high a heart rate may prevent left
ventricular filling. If ST changes occur, nitroglycerin should
be initiated and the surgeon informed. If hemodynamic com-
promise is anticipated because of either poor ventricular
function preoperatively or an inability to obtain complete revas-
cularization, inotropic or vasopressor support may be started.
Central filling pressure monitoring and TEE assessment can
determine the need for volume or pharmacologic support. TEE
monitoring is especially useful in evaluating for new regional
wall motion abnormalities indicative of ischemia. If the car-
diac function is insufficient despite the infusion of inotropes,
the surgeon may reexamine the grafts either on or off CPB. If
the grafts are patent but the patient is still showing signs of
ventricular failure, then a discussion of initiating intra-aortic
balloon pump (IABP) or other mechanical devices should be
considered.

If, however, all the aforementioned criteria have been met,
the following sequence of events will occur:
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1. Prevention of venous flow back to the pump
� The venous line is partially occluded by the surgeon or

perfusionist.
� Blood flow from the right atrium to the right ventricle

increases.
� Partial bypass is attained because some of the blood

goes to the CPB machine and some goes to the heart.
� Assessment is made about optimal preload (either by

TEE or by central venous and pulmonary capillary
wedge pressures).

2. Decrease of pump flow into the aorta
� The perfusionist gradually reduces the pump flow rate

as the patient’s own heart is able to maintain its own
cardiac output.

3. Termination of bypass
� The CPB pump is stopped when the heart can maintain

adequate systolic pressures at acceptable preloads.

After the termination of CPB, blood from the pump is
usually administered in 50- to 100-ml increments to increase
preload. The blood pressure and filling pressures need to be
monitored closely. Volume is given slowly to avoid overdisten-
tion of the heart and to prevent inadvertent emptying of the
venous reservoir. Slow volume administration should increase
the cardiac output in the best circumstances. If this is not
the case, one should consider investigating for the following:
(1) ongoing blood loss, (2) vasodilatory effects from rewarm-
ing or systemic inflammatory response, or (3) a change in ven-
tricular compliance. To assess that the cardiac performance is
adequate, a cardiac output should be obtained and/or the TEE
reviewed. Review of the physiologic variables helps determine
which adjustments need to bemade in the inotrope/vasopressor
infusions and/or volume administration. Once it is safe to pro-
ceed, the venous and aortic cannulas can be removed. The
aortic cannula can be removed when approximately half the
protamine dose has been given.

Protamine administration
Protamine is given to reverse anticoagulation. Post-CPB ACT
andheparin levels are evaluated to verify adequate reversal. Pro-
tamine is a large negatively charged protein from salmonknown
as a histone binding the DNA in the salmon sperm. It gets its
negative charge from high numbers of the amino acid arginine,
and hence will bind the positively charged heparin molecule.
Once the heparin–protamine complex is formed, it is thought
that the reticuloendothelial system removes this complex.

The protamine dosage varies from practice to practice,
with a standard dose of 1 mg/100 U of heparin given for ini-
tial heparinization. Some practices use an automated heparin–
protamine titration system (used to calculate heparin dosage to
specificACTby applying patient volume algorithms).This helps
determine the amount of circulating heparin present at the end
of bypass and hence the amount of protamine needed to bring

the heparin levels back to zero. Use of this system usually results
in less protamine being administered.

Adverse reactions to protamine are usually divided into
three groups as a result of several different mechanisms. The
first is defined as a nonimmunologic reaction known as an ana-
phylactoid reaction. Because the protamine molecule is a large
heterogenous protein, its rapid infusion may cause a decrease
in blood pressure by either vasodilation or a direct decrease
in myocardial contractility and is the reason some practices
advocate that protamine be given slowly over a 5- to 10-minute
period. This reaction can mimic a true anaphylactic reaction.

Anaphylactic reactions to protamine imply that they are IgE
mediated and therefore require the patient to have seen the
molecule previously. True anaphylactic reactions to protamine
in the patient after weaning from the heart–lung machine are
characterized by arterial hypotension, low central venous pres-
sure, and low left atrial pressure. Histamine levels in these
patients are noted to be elevated. Patients considered at risk for
a protamine reaction have included diabetics on NPH insulin
(which contains protamine) and patients who have had prior
catheterizations, fish allergies, or vasectomies. The evidence
that patients with these risk factors will have a protamine reac-
tion is very poor, butmost clinicians believe the group at highest
risk is diabetic patients. For this rare event, it has been advo-
cated that a small test dose be given prior to administering the
full dose.

The last adverse protamine reaction is a catastrophic pul-
monary vasoconstriction. In this group of patients, it was noted
after protamine administration that the arterial blood pres-
sures and left atrial pressures were low and the central venous
pressures were elevated. Unlike the patients who experienced
anaphylactic reactions, the histamine levels drawn from these
select patients were low. An animalmodel of this reaction noted
that the large heparin–protamine complexes activated comple-
ment.This in turn induced pulmonarymacrophages to produce
thromboxane, ultimately causing pulmonary artery vasocon-
striction and right ventricular failure.

Treatment of protamine reactions immediately post bypass
depends on the severity. Protamine administration needs to
be stopped, supportive therapy (epinephrine with histamine
blockers) instituted, and a return to cardiopulmonary bypass
(after reheparinization) considered. If bypass is reinstituted, an
attempt to reverse the heparin with another protamine dose can
be done after treatment with histamine H1 and H2 blockers and
steroids. If another protamine reaction occurs, heparin reversal
should be avoided and the bleeding patient should be supported
with factors until the heparin is metabolized.

Fortunately, protamine reactions are rare, and because they
are rare, pretreatment is not advocated in all patients who
undergo cardiopulmonary bypass.

Laboratory assessment post CPB
ABGs should be monitored to ensure adequate ventilation/
oxygenation and to be aware of any acid–base or electrolyte
abnormalities. A hemoglobin level is also checked to estimate
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the need for cell saver or red blood cell administration. A
complete blood count, chemistry panel, and coagulation stud-
ies are sent for analysis. If nonsurgical bleeding occurs even
if thrombocytopenia is not evident, platelets may be adminis-
tered because platelet dysfunction is the most prevalent cause
of hemostatic abnormalities after CPB. If the coagulation pan-
els are abnormal and there is clinical evidence of a significant
coagulopathy, fresh frozen plasma and/or cryoprecipitate may
be given to treat factor deficiencies or low fibrinogen.

Failure to wean off CPB
A need for inotropic support during separation from CPB may
be anticipated if a patient presents with the following risk fac-
tors: a combined CABG/MV repair or MV replacement, a left
ventricular ejection fraction �35%, a reoperation, moderate to
severe mitral regurgitation, and a long aortic cross-clamp time.
If after the administration of fluids/blood and pharmacologic
support the patient still has left or right ventricular failure, then
a differential diagnosis must quickly be reviewed and managed
appropriately. Common causes of failure to wean off CPB are
listed below.

Contractility
Left or right
ventricle

� Insufficient cardioplegia/ischemic injury leading to
myocardial stunning/diastolic dysfunction

� Embolic (air/atheroma)
� Thrombotic (early graft occlusion)
� Graft kinking
� Prolonged aortic cross-clamp
� Reperfusion injury

Rate � Bradycardia, causing decreased cardiac output
� Tachycardia, preventing adequate filling, perfusion

Rhythm � Bradyarrhythmias
� Tachydysrhythmias

Afterload � Vasodilatory shock secondary to systemic inflammatory
response, drug reaction (protamine)

� Anaphylaxis
Preload � Intraoperative, perioperative blood loss secondary to

coagulopathy, surgical bleeding
� Inadequate fluid administration
� Excess preload, leading to overdistention of the heart

Valve failure � During valve procedures, the prosthesis can have a leak,
mechanical obstruction

� Acute ischemic mitral regurgitation (papillary muscle
rupture)

After evaluation of the patient’s blood pressure, filling pres-
sures, and TEE, if any of the above are thought to occur, the
etiology of hypotension should be treated accordingly with
more aggressive pharmacologic support (inotropes, pressors,
or vasodilatory agents if ischemia is suspected) or fluids if
necessary. If a surgical cause of the cardiovascular derange-
ment is thought to occur or if no etiology can be determined
after 3 to 5 minutes after coming off bypass, then a discussion
about returning to CPB should be made. This decision should
not be made lightly, considering the risk of inadequate hep-
arinization after protamine administration andhemolysis. If the
decision is made to proceed back onto CPB, then a full dose
of heparin should be given based on the last ACT measure-
ment. If the issue is nonsurgical and the patient is refractory to

medical management even after the aggressive administration
of inotropes and/or pressors, one may also consider the place-
ment of an IABP. Occasionally, the placement of a ventricular
assist device may be necessary to help the myocardium recover
after the period of “stunning” or to serve as a bridge to heart
transplantation.
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74 Off-pump coronary artery bypass
Theresa S. Chang and John A. Fox

Experimentation with off-pump coronary artery bypass
(OPCAB) surgery began in the 1960s. Since then, its practice
evolved from grafting single-vessel disease to multivessel
disease with the technologic development of mechanical
coronary artery stabilizers (Fig. 74.1). Although the technique
is more technically demanding for the surgeon, it theoret-
ically avoids the side effects and potential complications
associated with cardiopulmonary bypass (CPB), including
the development of a systemic inflammatory response, which
is thought to be responsible for multiple organ dysfunction.
Nonpulsatile flow achieved during CPB potentially affects the
microcirculation, which also may cause end-organ damage.
Avoiding aortic manipulation by avoiding aortic cannulation
and cross-clamping should decrease atheroma embolization
and potentially decrease stroke rate and neurocognitive impair-
ment. With these theoretic advantages to avoiding use of the
heart–lung machine, it is anticipated that the recovery time,
hospital stay, and costs are reduced.

Patient characteristics
Since the advent of myocardial positioning and stabilizing
devices, OPCAB surgery has been performed in patients need-
ing myocardial revascularization on multiple coronary lesions
and not just in a single area on the left anterior descending
artery. As OPCAB techniques have developed, indications for
this operation have expanded, from patients who initially were
young and without many comorbidities to those with more

Table 74.1. Contraindications to OPCAB

Absolute contraindications Relative contraindications

Hemodynamic instability Cardiomegaly/congestive heart
failure

Poor-quality target vessels
including:

Critical left main disease

Intramyocardial vessels Small distal targets
Diffusely diseased vessels Recent or current acute MI
Calcified coronary vessels Cardiogenic shock

Poor left ventricular function (LVEF
<35%)

MI, myocardial infarction; LVEF, left ventricular ejection fraction.

critical conditions, who theoretically would benefit most. Con-
traindications to the procedure are shown in Table 74.1.

Surgical principles
To optimize surgical conditions for OPCAB, several goals must
be met:

1. The heart must be positioned appropriately to allow good
surgical exposure. Many of these devices use suction to pull
the heart up by its anatomic attachments (apical and
nonapical).

2. The tissues surrounding the area of focus during coronary
arteriotomy must be stabilized to allow the surgeon to
place vascular sutures. This also is done with suction
devices or by direct local compression so that certain areas
of the heart can be immobilized.

The mechanical manipulation required during OPCAB
surgery makes the heart vulnerable to cardiac arrhythmias.

In addition to hemodynamic changes frommechanical car-
diac stabilization, temporary target vascular occlusionmay con-
tribute to regionalmyocardial ischemia during the anastomosis.
To allow for myocardial protection, occasionally intraluminal
shunts are placed to allow perfusion of the distal vessel during
graft placement. Passive coronary perfusion also may be per-
formed, allowing blood to flow from the aorta or femoral artery
to the distal coronary target vessels. Another likely superior
option is active coronary perfusion, in which an inline pump
increases flow to the distal vessel.

Implications for anesthetic management
The placement of monitors is similar to that in coronary artery
bypass graft surgery using the heart–lung machine. Standard
American Society of Anesthesiologists monitors are placed
prior to induction. Large-bore peripheral intravenous access is
essential to allow for the rapid infusion of volume and blood
products if needed. An arterial catheter helps guide intraopera-
tive hemodynamic challenges, provides for beat-to-beat mon-
itoring, and allows for frequent arterial blood gas/laboratory
measurements. A central line facilitates the administration of
pressors and inotropes in case of hemodynamic compromise,
whereas a pulmonary artery catheter enables the measurement
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Figure 74.1. OPCAB technology in use. (A) The
Medtronic (Minneapolis, MN) Octopus4 tissue sta-
bilizer with Starfish2 heart positioner isolates and
exposes the left anterior descending (LAD) coronary
artery. (B) An intraluminal shunt is shown inserted
and positioned across the LAD arteriotomy. The
Medtronic Starfish2 heart positioner lifts the heart
and exposes the posterior vessels, whereas the
Octopus4 tissue stabilizer immobilizes a segment of
the posterior descending artery.

of mixed venous oxygen saturation andmonitoring for changes
in oxygen consumption during heart manipulation, along with
changes in central pressures. Transesophageal echocardiogra-
phy can provide the earliest detailed information regarding
myocardial ischemia, as long as images are well visualized (i.e.,
the heart is not malpositioned during grafting). Temperature
monitoring and techniques to avoid hypothermia in the oper-
ating room must be employed.

Induction techniques are the same for those undergoing
myocardial revascularization using CPB. A thorough under-
standing of the hemodynamic consequences of anesthetic
agents as they relate to myocardial oxygen supply–demand bal-
ance is essential. “Fast-track” cardiac anesthesia is administered
using a limited dose of short-acting narcotics to aid in early (1–
4 hours) extubation postoperatively. Some small studies have
shown that anesthetic regimens including thoracic epidural
analgesia provide good results, with improved hemodynamic
stability and postoperative pain control. The risk for potential
epidural hematoma is still unknown, especially because some
level of anticoagulation is still required in OPCAB surgery.
Heparin is administered and the ACT is checked regularly
to ensure adequate anticoagulation, which may vary depend-
ing on the institution, because some institutions require full
heparinization as if preparing to initiate CPB, whereas other
institutions use smaller doses. Toward the end of the proce-
dure, protamine is not given, or may be given in smaller incre-
mental doses, because acute reversal is not required. Because
the heart–lung machine, with its triggering fibrinolytic pro-
cesses, is not used, antifibrinolytic agents generally are not
administered.

Anesthesiologists must be prepared to manage the patient
promptly when surgical consequences cause sudden physio-
logic changes. Ensuring adequate anesthetic depth is important
at the time of incision and sternotomy, when sympathetic stress
is greatest. After that period, however, anesthesiologists need to
prepare for immediate hypotension, preemptively giving fluids
to prevent the deleterious effects from lifting and rotating the
heart, reacting with inotropic support as necessary. Defibrilla-
tion pads must be on the patient, and paddles must be ready

in case arrhythmias become problematic. The surgeon must be
notified immediately to stopmanipulating the heart. If myocar-
dial ischemia occurs, the patient should be managed medi-
cally until the surgical anastomosis is completed. At all times,
everyone in the OPCAB room should be ready to institute CPB
if the patient becomes refractory to hemodynamic manipula-
tions. This implies that a dose of heparin to institute CPB is
available and that a member of the perfusion team is present
and ready to operate the heart–lung machine.

After uncomplicated OPCAB procedures, patients may be
extubated immediately in the operating room if they are nor-
mothermic, are hemodynamically stable, and have no evidence
of significant bleeding. Otherwise, the anesthetic technique
should allow for extubation within 1 to 2 hours in the intensive
care unit if extubation is not performed in the operating room.

Outcomes
Theoretic benefits ofOPCAB surgery sparked a resurgence of its
use in recent years. Initial studies supported a benefit ofOPCAB
techniques, citing decreased blood transfusion requirements,
less evidence of myocardial ischemia (detected by myocardial
enzyme release), diminished acute but not long-termneurocog-
nitive dysfunction, and decreased renal insufficiency. Some
studies, however, have shown a lower patency of grafts, poten-
tially necessitating subsequent revascularization with conven-
tional CPB techniques. It is clear that experience and comfort
with the OPCAB technique among surgeons, anesthesiologists,
and other essential members of the operating team are impor-
tant for a successful OPCAB program. Nonetheless, due to the
absence of large-scale studies that consistently show definitive
improvement in perioperative morbidity and mortality asso-
ciated with OPCAB versus myocardial revascularization with
CPB, anesthesiologistsmust be familiar withmanaging patients
undergoing either procedure.
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75 Transesophageal echocardiography
Karinne Jervis and Balachundhar Subramaniam

Introduction
Transesophageal echocardiography (TEE) is an important tool
for perioperative patient assessment, decisionmaking, and clin-
ical care. The goal of perioperative TEE is to allow assessment
of ventricular function and volume status, regional wallmotion,
structure and function of valvular structures, and evaluation of
the great vessels.

American Society of Echocardiography/
Society of Cardiovascular Anesthesiologists
standard TEE examination
The American Society of Echocardiography (ASE)/Society of
Cardiovascular Anesthesiologists (SCA) published guidelines
for performing a comprehensive intraoperativemultiplane TEE
examination of the heart and great vessels. These guidelines
emphasize 20 cross-sectional, two-dimensional views for the
recommended comprehensive TEE examination (Fig. 75.1).
Each view is based on the transducer location,multiplane angle,
and main anatomic structures in the image.

Nomenclature
It is assumed that the imaging plane is directed anteriorly from
the esophagus through the heart. Nomenclature exists as fol-
lows: A superior indication connotes that the object is in a
cephalad position. An inferior position indicates the object is
in a caudad direction. Posterior is toward the spine, and ante-
rior is toward the sternum. Left and right denote the patient’s
left and right. Advancing the probe refers to moving the tip
of the probe distally (Fig. 75.2). Turning to the patient’s right
refers to the movement of the probe in the clockwise rotation.
Turning the probe tip to the patient’s left refers to the move-
ment of the probe in the counterclockwise rotation. Anteflex-
ion of the probe allows for the flexing of the probe tip anteriorly
with the large control wheel; whereas retroflexing is the move-
ment of the tip posteriorly. Axial flexion of the probe tip can be
accomplished by means of another control wheel on the probe
handle andmultiplane rotation from 0◦ to 180◦. Images are dis-
played in the samemanner as radiographic images; in addition,
images are shown with transducer angle and near field of the
image sector at the top of the display screen and the far field at
the base of the screen.

Physics of TEE
The TEE probe is an ultrasound machine mounted to the tip
of a gastroscope. The generation of ultrasound is based on the
principle of piezoelectricity. Most commonly, materials such as
quartz or titanate ceramic are used. Piezoelectric crystals are
materials with a distinct property that respond to an applied
current with an alignment of polarized particles perpendicular
to the face of a crystal, resulting in the expansion of the crystal
size. When alternating electric currents are applied, the crys-
tals are compressed and expanded, thereby generating an ultra-
sound wave. When an ultrasound wave is received by a crystal,
an electric current is generated. Crystals in a TEE probe func-
tion as a generator and a receiver. In a cycle, transmission dura-
tion is 1% of the cycle, whereas reception is 90%. In essence,
the ultrasound transducers transmit a burst of ultrasound activ-
ity and then switch to receive reflected ultrasound signals. The
cycle is repeated temporarily and based on ultrasound trans-
mission and return of the reflected signal.

Guidelines and indications
The American Society of Anesthesiologists (ASA) released
practice guidelines for the use of perioperative TEE in 1996.
Improved imaging has enabled echocardiographers to use TEE
intraoperatively to diagnose myocardial ischemia, confirm the
efficacy of valvular reconstruction, determine the etiology of
hemodynamic instability, and obtain diagnostic information
that could not be obtained preoperatively. Recommendations of
the taskforce address indications for the use of TEE, the clinical
settings inwhichTEE should be considered, and the proficiency
of the operator performing TEE.

Guidelines delegate the three levels of evidence-based indi-
cations for TEE implementation and use. Category I indications
are supported by the strongest evidence or expert opinion. TEE
frequently is useful for category I indications in improving clin-
ical outcomes, and often is indicated. Category II indications are
supported by weaker evidence and expert opinion; TEEmay be
useful in improving clinical outcomes, but appropriate indica-
tions are less certain. Category III indications are based on little
current scientific or expert support; TEE is infrequently useful
in improving clinical outcomes, and appropriate settings for use
are uncertain (Table 75.1).



Figure 75.1. ASE/SCA 20 views for comprehensive
TEE examination. From Shanewise JS, Cheung AT,
Aronson S, et al. ASE/SCA guidelines for perform-
ing a comprehensive intraoperative multiplane
transesophageal echocardiography examina-
tion: recommendations of the American Society
of Echocardiography Council for Intraoperative
Echocardiography and the Society of Cardiovascular
Anesthesiologists Task Force for Certification in
Perioperative Transesophageal Echocardiography.
J Am Soc Echocardiogr 1999; 12:884–900.
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Figure 75.2. Nomenclature of probe positioning.
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Table 75.1. Indications for perioperative TEE

Category I Category II Category III

Intraoperative evaluation of acute, persistent, and
life-threatening hemodynamic disturbances

Perioperative use in patients with increased risk of
myocardial ischemia or infarction

Intraoperative evaluation of myocardial perfusion,
coronary artery anatomy, or graft patency

Intraoperative use in valve repair Perioperative use in patients with increased risk of
hemodynamic disturbances

Intraoperative use during repair of
cardiomyopathies other than HOCM

Intraoperative use in congenital heart surgery
requiring CPB

Intraoperative assessment of valve replacements Intraoperative use for uncomplicated endocarditis
during noncardiac surgery

Intraoperative repair of HOCM Intraoperative assessment of repair of cardiac
aneurysms

Intraoperative monitoring for emboli during
orthopedic procedures

Intraoperative use for endocarditis when
preoperative testing was inadequate or extension
of infection is suspected

Intraoperative evaluation of removal of cardiac
tumors

Intraoperative assessment of repair of thoracic
aortic injuries

Preoperative use in the unstable patient with
suspected thoracic aortic aneurysm, dissection, or
disruption

Intraoperative detection of foreign bodies Intraoperative use for uncomplicated pericarditis

Intraoperative assessment of aortic valve function
in repair of aortic dissections with possible aortic
valve involvement

Intraoperative detection of air emboli during
cardiotomy, heart transplants, and upright
neurosurgical procedures

Intraoperative evaluation of pleuropulmonary
disease

Intraoperative evaluation of pericardial window
procedures

Intraoperative use during intracardiac
thrombectomy

Monitoring placement of intra-aortic balloon
pumps, AICD, or PA catheters

Use in ICU for unstable patients with unexplained
hemodynamic disturbances, suspected valvular
disease, thromboembolic disease

Intraoperative use during pulmonary
embolectomy

Intraoperative monitoring of cardioplegia
administration

Intraoperative use for suspected cardiac trauma

Preoperative assessment of patients with
suspected acute thoracic aortic dissections,
aneurysms, or disruption

Intraoperative use during repair of thoracic aortic
dissections without suspected aortic valve
involvement

Intraoperative detection of aortic atheromatous
disease or other sources of aortic emboli

Intraoperative evaluation of pericardiectomy,
pericardial effusions, or evaluation of pericardial
surgery

Intraoperative evaluation of anastomotic sites
during heart and/or lung transplantation

Monitoring placement and function of assistive
devices

AICD, automatic implantable cardioverter–defibrillator; CPB, cardiopulmonary bypass; HOCM, hypertrophic obstructive cardiomyopathy; ICU, intensive care unit.
American Society of Anesthesiologists and the Society of Cardiovascular Anesthesiologists Task Force on Transesophageal Echocardiography. Practice guidelines
for perioperative transesophageal echocardiography. Anesthesiology 1996; 84:986–1006.

Common uses of TEE
Evaluation of cardiac function
Themidpapillary short-axis view permits the estimation of the
global left ventricular function based on the amount of ventric-
ular wall thickening and the difference between end-diastolic
volume and end-systolic volume (Fig. 75.3). This view enables
the anesthesiologist to assess regional wall abnormalities and
determine the presence of myocardial ischemia, and permits
the practitioner to postulate the location of coronary artery dis-
ease, if present (Fig. 75.3).TheASA guidelines have determined
that there is good evidence that the development of regional
wallmotion abnormalities increases the risk of the development
of perioperative myocardial infarction (Fig. 75.4). The ASA

taskforce believes that TEE provides a “more meaningful ref-
erence standard for ECG.”

As noted in Table 75.1 under category II indications for the
use of perioperative TEE, a patient at increased risk formyocar-
dial ischemia is a noted indication for TEE. An increased risk
may occur in a patient with an increased risk of myocar-
dial disease, a higher-risk procedure/surgery, or the clinical
setting.

The midesophageal four-chamber views give useful infor-
mation regarding biventricular function, tricuspid and mitral
valve visualization, and the major cardiac chambers (Fig. 75.5).
In this view, all chamber sizes may be evaluated and may
give the practitioner vital information regarding ventricular
function.
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Left anterior
descending artery
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Figure 75.3. Transgastric short-axis view of the left ventricle (LV) and right
ventricle (RV).

Assessment of valves
For patients requiring valve surgery, TEE is critical in the eval-
uation of the diagnosis of valve abnormalities intraoperatively.
Surgeons rely on the anesthesiologist to accurately evaluate and
confirm preoperative studies, if available, or to initially evalu-
ate valvular anatomy to diagnose abnormal pathology.TheASA
taskforce expert opinion confirms that there is indirect evidence
that postulates the beneficial use of intraoperative TEE for valve
surgery. TEE evaluation appears to have decreased the need for
replacement of valves.

Midesophageal aortic valve (AV) short-axis (Fig. 75.6) and
AV long-axis (Fig. 75.7) views, along with the transgastric AV
long-axis views, are used to evaluate AV lesions such as stenosis
and regurgitation.

AV stenosis is commonly seen, and the AV area is calculated
using a continuity equation.The flow at the left ventricular out-
flow tract is a product of its area and the flow at that point. The
former is obtained with the midesophageal AV long-axis view
(Fig. 75.7).The latter is obtained from the transgastric AV long-
axis view (Fig. 75.8).

Left ventricular outflow tract (LVOT) stroke volume
= LVOT area × LVOT velocity time interval (VTI)

Cardiac output = LVOT stroke volume × heart rate.

The pulse wave Doppler cursor is placed at the LVOT, and
the velocity time integral is obtained (Fig. 75.9). This prod-
uct should be equal to that obtained at the AV level. However,
the unknown is AV surface area. The flow velocities are higher
across a stenotic AV around 4 to 6 m/sec and are obtained with
continuous-wave Doppler across the AV (Fig. 75.8).

AV area × AV VTI = LVOT area × LVOT VTI.

The mitral valve is evaluated by the midesophageal four-
chamber, commissural, two-chamber, and long-axis views. The
transgastric basal short axis view yields plenty of information
about the anatomy and location of a lesion such as a regurgi-
tant lesion. A color flow Doppler along with flow Doppler cal-
culations quantifies the mitral valve stenosis and regurgitant
lesions. Figure 75.10 shows a transgastric basal short-axis view,
and both the anterolateral and inferomedial commissures are
seen. The anterior and posterior leaflets are easily recognized.
The scallops closer to the anterolateral commissure are A1 and
P1 and those closer to the posteromedial commissure are A3
and P3. The mid-scallops are A2 and P2.

Patent foramen ovale is seen in 20% of the population.
In normal adults, it may be one of the reasons for right-to-
left shunting when the pressure in the right atrium transiently
increases more than that in the left atrium. A PFO can be iden-
tified by injecting bubbles (i.e. agitated saline) formed in a 10-
ml syringe through a central line when Valsalva maneuver (this
raises the right atrial pressure transiently more than the left
atrial pressure) is released (Fig. 75.11). Presence of several bub-
bles in the left atrium within three heartbeats signifies the pres-
ence of a PFO.

The role of anesthesiologists as primary
practitioners and intraoperative
echocardiographers
There is continuing debate over the delegation of echocardio-
graphic services intraoperatively: Should the realm of echocar-
diography be exclusive to cardiologists, or are anesthesiol-
ogists equipped to handle the demands of intraoperative
treatment and correctly perform and interpret TEEs? In a paper
by Mathew et al., the goal was to determine whether diagnos-
tic interpretation of TEE varies widely when the anesthesiol-
ogist performing the examination is also providing anesthetic
care to the patient. Using continuous quality improvement, an
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Figure 75.4. Schematic of a transesophageal left
ventricle short-axis view showing varying degrees of
systolic regional wall motion abnormalities.

educational process to identify problems in health care deliv-
ery and to develop solutions to these problems, the authors
determined that anesthesiologists responsible for the manage-
ment of adult cardiac patients and intraoperative TEE were
capable of effectively interpreting TEE results. Further results
demonstrated that anesthesiologists underestimated the frac-
tion area of change (FAC) compared with radiologist experi-
ence in interpretation, but the differences in estimation of the
FAC between anesthesiologists and cardiologists and between
radiologists and cardiologists were not statistically significant.
Finally, as Mathews e. al state “during adult cardiac surgery, the
roles of anesthesiologists and the intraoperative echocardiogra-
pher need not be mutually exclusive.”

Current practice
The literature reports that the use of TEE for cardiac surgery
in academic centers averages approximately 91%. ASA practice
guidelines consider the use of TEE for coronary artery bypass
graft and valve replacement surgery a category II indication,
whereas valve repairs, repair of hypertrophic cardiomyopathy,
congenital heart surgery, and aortic dissection are category I
indications, warranting the use of TEE.

TEE for minimally invasive surgery
The advent of minimally invasive port access during cardiac
surgery has enabled patients undergoing cardiac surgery to be
placed on cardiopulmonary bypasswithout the need formedian
sternotomy for visualization of the heart and great vessels. In
the past, placement of catheters was permitted by the use of flu-
oroscopic guidance, which had limitations. With the increas-
ing proficiency of practitioners using TEE, the use of TEE to
aid in the placement of endovascular catheters (coronary sinus

Mitral valveTricuspid valve

Figure 75.5. Midesophageal four-chamber view.
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Left atrium

Right atrium

Aortic
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Figure 75.6. Midesophageal AV short-axis (ME AV SAX) view.

catheters, pulmonary artery vent, and venous cannula) has fur-
ther aided in the progression of minimally invasive surgery.
The ability of TEE as an improved, dynamic imaging modal-
ity (adequate visualization of cardiac structures) has permitted
the placement of catheters without the use of fluoroscopy, with
improved success.

TEE in the non–operating room setting
The ASA practice guidelines discuss the use of TEE by anes-
thesiologists outside the operating room. Common applica-
tions include emergent assessment and diagnosis to determine
whether surgery is indicated, as well as the postoperative assess-
ment and treatment of patients postoperatively. TEE is useful
for recognizing and aiding in the diagnosis of acute hemo-
dynamic instability. Therefore, TEE is critical in nonoperative
settings such as the intensive care unit and emergency room.
Studies have demonstrated that the impact of TEE on patients
with category I indications has been significant, with TEE

Aortic
valveMitral

valve

Figure 75.7. Midesophageal AV long-axis view.

Figure 75.8. Pulse-wave Doppler at the LVOT from the transgastric AV
long-axis view.
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Aortic
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Mitral
valve

Figure 75.9. Deep transgastric long-axis view of the AV by continuous wave
Doppler yields the velocity time integral across the stenotic AV.

altering therapy 60% of the time, compared with the alteration
of therapy in category II (31%) and category III (21%).

Pericardial effusion
TEEfindings vary depending on the progression of the fluid col-
lection in the pericardial space. Chamber collapse occurs when
the pericardial pressure becomes greater than the cardiac cham-
bers’ pressures. Thus, it will be noted on TEE that there will
be atrial collapse prior to ventricular collapse. Collapse occurs
in diastole and in later stages will also occur in systole and is
seen on the lower pressure (right) prior to the involvement of
the higher (left) sided circulation.Themost sensitive diagnostic
indicator of pericardial tamponade is right ventricular collapse
during diastole in a patient with a pericardial effusion.

Pulmonary embolism
In patients with clinical symptoms suspicious for pulmonary
embolism, TEE is amodality thatmay permit rapid diagnosis of
pulmonary embolism (Table 75.2). Although the gold standard

Anterior leaflet

Posterior leaflet

Mitral valve
commissural slice

Posteromedial
commissure

Anterolateral
commissure

Figure 75.10. Transgastric basal short-axis view of the mitral valve.

for the diagnosis of pulmonary embolism is pulmonary angiog-
raphy and/or high-resolution spiral CT, it may be difficult to
transport a critically ill and hemodynamically unstable patient
to the locations for these emergency diagnosticmodalities. TEE
has 70% sensitivity and 81% specificity for confirmation of
pulmonary embolism. Although visualization of thrombus is
infrequent by TEE, the main pulmonary and right pulmonary
arteries may be visualized. Because of the location of the tra-
chea and difficulty of ultrasound waves to transmit through air-
filled spaces, visualization of the left pulmonary artery remains
an obstacle.

Table 75.2. TEE findings of pulmonary embolism

Increased size of pulmonary arteries
Right ventricular dysfunction: flattening of the interventricular septum,
basal hypokinesis with apical sparring (i.e., McConnell’s sign)

Tricuspid regurgitation: severe – due to right-sided pressure overload
Dilated right atrium
Increased size of inferior vena cava
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Figure 75.11. A PFO can be indentified by injection of agitated saline.

Diagnosis of TEE is often a constellation of findings due
to the infrequent visualization of thrombus in the pulmonary
arteries. Pulmonary emboli decrease blood flow and result in
increased pressures in the right side of the heart. Thus, find-
ings associated with pulmonary emboli would include changes
in the vasculature associated with elevated volume or pressure
on the right-sided circulation. They include increased size of
the pulmonary arteries, right ventricular dysfunction, tricuspid
regurgitation, dilated right atrium, and an increase in the size of
the inferior vena cava.

Blunt chest trauma
TEE is a safe, reliable, and fastmethod to diagnosis acute cardiac
injury following blunt trauma. Because of its anterior location,
the right ventricle is a site of common injury after blunt chest
trauma (Table 75.3). Also, because of higher pressures on the
left-sided circulation, valve injuries are common. TEE evidence
of myocardial injury is an increase in wall thickness of the left
ventricle during diastole and impaired systolic function.

Table 75.3. TEE findings of myocardial contusion

Increase in wall thickness of the left ventricle in diastole
Impaired regional wall systolic function
Increased brightness of the ventricular walls

Injuries to the right ventricle typically occur in the right api-
cal wall, whereas injuries to the left ventricle occur along the
septal and apical regions.

Massive hypotension
TEE has been used pervasively for the evaluation of hemo-
dynamic instability. Case reports support the usefulness of
TEE in diagnosing the etiology of hypotension, with improve-
ments in clinical outcome.The expert opinion of the ASA task-
force is that TEE provides more accurate assessment of preload
compared with other monitors, such as central venous and
pulmonary artery catheters. TEE determines the etiology of dis-
ease in a more rapid manner without the addition of increased
adverse effects that occur with other monitors (breach in steril-
ity, damage to the cardiovascular or pulmonary systems). In
acute, persistent, and life-threatening hemodynamic distur-
bances unresponsive to treatment, the emergent use of TEE is
considered a category I indication.

Patient risk and complications of TEE
No procedure is without risks and benefits; therefore, it is
imperative (unless the use of TEE is emergent) that informed
consent be obtained. Although a relatively safe intraopera-
tive monitor, TEE is not without risks or side effects. The
rate of complications is �1% (0.2%), with the rate of mortal-
ity less than one in 10,000 patients. Prior to TEE examina-
tion, it is imperative to ascertain a history of esophageal or
gastric disease. There is an increased rate of complications in
patients with a history of esophageal pathology and dysphagia.
Absolute contraindications to TEE include previous esophagec-
tomy, severe esophageal obstruction, esophageal perforation,
esophageal hemorrhage, or cervical trauma (Table 75.4). Rel-
ative contraindications include esophageal varices, diverticula,
fistulas, previous esophageal surgery, previous gastric surgery,
and mediastinal irradiation. In addition to obtaining a history
of esophageal or gastric disease, a detailed airway examination
must be performed to note the presence of oropharyngeal or
dental injuries.

Table 75.4. Contraindication to the use of TEE

Absolute contraindications Relative contraindications

Esophagectomy Esophageal varices
Severe esophageal obstruction Esophageal diverticula
Esophageal perforation Esophageal fistula
Esophageal hemorrhage Previous esophageal surgery
Cervical trauma Previous gastric surgery

Mediastinal irradiation
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Table 75.5. Complications of TEE

Oral, pharyngeal, laryngeal trauma
Esophageal injury
Hoarseness/sore throat
Dislodgement of endotracheal tube
Thermal injury
Arrhythmias

The placement of the TEE probe is performed by displacing
themandible gently (with or without the use of a laryngoscope),
and advancing the probe midline. To prevent trauma, the TEE
probe should not be advanced or withdrawn with the probe in
the locked position.TheTEEprobe should not be forced if resis-
tance ismet.During insertion orwithdrawal, controls should be
in the neutral and unlocked position to allow the natural course
of the esophagus to be traversed, thus preventing injury.

Complications of TEE are infrequent but do occur (Table
75.5). They include oral and pharyngeal trauma, hoarseness
postoperatively, esophageal injury (a serious but rare compli-
cation, with high mortality), arrhythmias, and dislodgement
of the endotracheal tube. Bioeffects of TEE placement include
thermal effects (e.g., heating and thermal injury), cavitation,
and torque forces. There have been case reports of splenic
injury secondary to TEE placement, and there is a potential
risk of endocarditis after TEE placement. In a retrospective
study of 7200 cardiac patients, Kallmeyer et al. demonstrated
that TEE-associated morbidity occurred in 14 patients (0.2%),
with 86% of the complications attributed to oropharyngeal,
esophageal, and gastric trauma. One tenth of 1% of patients
had clinically significant odynophagia requiring esophagogas-
troduodenoscopy, which demonstrated linear abrasions. Dental
injuries occurred with a frequency of 0.03%, acute upper gas-
trointestinal hemorrhage occurred in 0.03%, esophageal perfo-
ration occurred in 0.01%, and endotracheal tube advancement
occurred in 0.03% of patients.

Future direction of TEE
Throughout the years, TEE has been advancing at an enor-
mous pace. Practice guidelines recommended by the American
Society of Anesthesiologists and the Society of Cardiovascular
Anesthesiologists have recently been updated. (See Suggested

Readings.) TEE has fundamentally enabled two-dimensional
imaging of the cardiac structures and great vessels. Continued
advancement in TEE with three-dimensional imaging, epicar-
dial echocardiography, and epiaortic ultrasound imaging has
the potential to enhance the role of the anesthesiologist as
a perioperative physician and improve the perioperative out-
comes of both cardiac and noncardiac surgical patients.

Suggested readings
American Society of Anesthesiologists and the Society of

Cardiovascular Anesthesiologists Task Force on Transesophageal
Echocardiography. Practice guidelines for perioperative
transesophageal echocardiography. Anesthesiology 1996;
84:986–1006.

Applebaum RM, Cutler WM, Bhardwaj N, et al. Utility of
transesophageal echocardiography during port-access minimally
invasive cardiac surgery. Am J Cardiol 1998; 82:183–188.

Denault AY, Couture P, McKenty S, et al. Perioperative use of
transesophageal echocardiography by anesthesiologists: impact in
noncardiac surgery in the intensive care unit. Can J Anesth 2002;
49:287–293.

Kallmeyer IJ, Collard CD, Fox JA, et al. The safety of intraoperative
transesophageal echocardiography: a case series of 7200 cardiac
surgical patients. Anesth Analg 2001; 92:1126–1130.

Mathew JP, Fontes ML, Garwood S, et al. Transesophageal
echocardiography interpretation: a comparative analysis between
cardiac anesthesiologists and primary echocardiographers. Anesth
Analg 2002; 94:302–309.

Memtsoudis S, Rosenberger P, Noveva M, et al. Usefulness of
transesophageal echocardiography during intraoperative cardiac
arrest. Anesth Analg 2006; 102:1653–1657.

Shanewise JS, Cheung AT, Aronson S, et al. ASE/SCA guidelines for
performing a comprehensive intraoperative multiplane
transesophageal echocardiography examination:
recommendations of the American Society of Echocardiography
Council for Intraoperative Echocardiography and the Society of
Cardiovascular Anesthesiologists Task Force for Certification in
Perioperative Transesophageal Echocardiography. J Am Soc
Echocardiogr 1999; 12:884–900.

Thys D, Brooker R, Cahalan M, et al. Practice guidelines for
perioperative transesophageal echocardiography. An updated
report by the American Society of Anesthesiologists and the
Society of Cardiovascular Anesthesiologists Task Force on
Transesophageal Echocardiography, Anesthesiology 2010;
112:1084–1096.

472



Chapter

76 Pacemakers and automated implantable
cardioverter–defibrillators
Sugantha Sundar and Eswar Sundar

Introduction
Rhythm disturbances can be treated with drugs, devices, or
both. Drugs are useful for the management of rhythm distur-
bances developing in the structurally normal heart. However, in
the heart that has undergone considerable remodeling, because
of either ischemia or surgery, rhythm management devices
such as pacemakers and automatic implantable cardioverter–
defibrillators (AICDs) have been proven superior. Treatment of
rhythm disturbances may involve the use of pacemakers, inter-
nal defibrillators, and ablation therapy or arrhythmia surgery.

Major indications for pacemakers and AICDs are outlined
in Table 76.1.

Pacemaker design and codes
Temporary pacing
Temporary pacing has the advantage of immediate, precise con-
trol of an arrhythmia without the side effects produced by
drugs. It is indicated as prophylaxis in patients at risk of sud-
den death from high-degree atrioventricular (AV) block, and
should be terminatedwith the resolution of the underlying con-
dition or changed over to an internal pacemaker if the under-
lying condition is expected to be chronic. Temporary pacing
may be endocardial, epicardial, transesophageal, or transcuta-
neous. Transvenous pacing, themost popular type, may be used
in the awake patient. Pacing can also be performed through spe-
cialized pulmonary artery catheters. Transcutaneous pacing is
easy and noninvasive; however, the pacemaker-stimulated con-
traction of the chest muscles in a conscious patient may cause
considerable discomfort. Sedating patients and minimizing the
current strength can help alleviate this problem.

Permanent pacemakers
Modern implantable pacemakers are extremely compact, phys-
iologically shaped, and capable of responding to complex pro-
gramming. They have lithium ion batteries that usually last at
least 10 years. Almost all current implantable pacemakers use
transvenous leads that can be individually programmed.

The North American Society for Pacing and Electrophysi-
ology (NASPE) introduced a coding and shorthand system to
describe pacing modes. This coding system enables a complete

description of the pacemaker to be derived from five letters.
Every pacemaker is given a five-letter code based on the follow-
ing five functions (Table 76.2):
� Chamber paced:The chamber that can potentially be

paced might be the atrium (A) or the ventricle (V), or both
(D); rarely, neither is chamber paced (O).

� Chamber sensed:The pacemaker monitors for events in
the atrium (A) or ventricle (V), or both chambers (D), or
does not perform any sensing function at all (O).

� Response to the sensed event: Pacemakers function either
by inhibiting themselves (I) when there is a sensed event
such as a native depolarization within the sensed chamber,
or by triggering (T) a stimulus when they sense the absence
of a native depolarization within the sensed chamber. It is
important to note that the vast majority of patients with
pacemakers have a native rhythm capable of producing an
adequate cardiac contraction most of the time. Hence, it is
important for pacemakers to be able to sense such native
depolarizations within the sensed chambers and inhibit
itself if required. However, at the same time, the pacemaker
must be able to produce a stimulus (not inhibit itself) in
case there is a long pause and a native depolarization is not
forthcoming within a programmed time interval.

� Programmability/rate response:Modern pacemakers have
a feature called adaptive rate pacing (ARP). ARP enables
the pacemaker to develop a higher or lower pacing speed
depending on activity. Activity sensors sense vibration and
acceleration of the body and can increase the pacing speed.
Some ARP devices change their pacing rate to the QT
interval. Some pacemakers sense minute ventilation
changes from changes in thoracic impedance and adapt
accordingly. Some of the latest adaptive rate pacemakers
can sense variables such as blood pH and oxygen
saturation and change the pacing rate accordingly. Some
versatile pacemakers fitted on athletes and young patients
have more than one mode of adaptive rate sensing in which
there is an initial increase in heart rate when an activity is
begun based on feedback frommovement sensors and then
long-term adjustment based on blood pH and other
metabolic variables.

� Antitachycardia function: Electrophysiologic treatment of
tachyarrhythmias involves one or more of the following:



Part 13 – Cardiac Anesthesia

Table 76.1. Major clinical indications for pacemaker and AICD
placementa

Indications for pacemaker therapy

� 3rd-Degree and advanced 2nd-degree AV block at any anatomic level
� Type 2 2nd-degree AV block; alternating bundle branch blocks
� Persistent 2nd-degree AV block in the His–Purkinje system with

bilateral bundle branch block or 3rd-degree AV block within or below
the His–Purkinje system after acute myocardial infarction (AMI);
transient advanced (2nd- or 3rd-degree) infranodal AV block and
associated bundle branch block after AMI; persistent and symptomatic
2nd- or 3rd-degree AV block after AMI

� Sinus node dysfunction with documented symptomatic bradycardia,
including frequent sinus pauses that produce symptoms; symptomatic
chronotropic incompetence

� Symptomatic recurrent supraventricular tachycardia that is
reproducibly terminated by pacing after drugs and catheter ablation
fail to control the arrhythmia or produce intolerable side effects;
symptomatic recurrent sustained VT as part of an automatic
defibrillator system; sustained pause-dependent VT, with or without
prolonged QT, in which the efficacy of pacing is thoroughly
documented

� Recurrent syncope caused by carotid sinus stimulation; minimal
carotid sinus pressure–induced ventricular asystole of more than 3-sec
duration in the absence of any medication that depresses the sinus
node or AV conduction

� Advanced 2nd- or 3rd-degree AV block associated with symptomatic
bradycardia, ventricular dysfunction, or low cardiac output; sinus node
dysfunction with correlation of symptoms during age-inappropriate
bradycardia; postoperative advanced 2nd- or 3rd-degree AV block that
is not expected to resolve or persists at least 7 days after cardiac
surgery; congenital 3rd-degree AV block with a wide QRS escape
rhythm, complex ventricular ectopy, or ventricular dysfunction;
congenital 3rd-degree AV block in an infant with a ventricular rate <

50–55 bpm or with congenital heart disease and a ventricular rate <

70 bpm; sustained pause-dependent VT, with or without prolonged
QT, in which the efficacy of pacing is thoroughly documented

� Medically refractory, symptomatic hypertrophic cardiomyopathy with
significant resting or provoked left ventricular outflow obstruction

� Symptomatic bradyarrhythmias/chronotropic incompetence after
heart transplantation not expected to resolve and other class I
indications for permanent pacing

Major indications for AICD therapy

� Cardiac arrest due to ventricular fibrillation (VF) or VT not due to a
transient or reversible cause

� Spontaneous sustained VT in association with structural heart disease
� Syncope of undetermined origin with clinically relevant,

hemodynamically significant sustained VT or VF induced at EP study
when drug therapy is ineffective, not tolerated, or not preferred

� Nonsustained VT in patients with coronary disease, prior myocardial
infarction, left ventricular dysfunction, and inducible VF or sustained VT
at EP study that is not suppressible by a class I antiarrhythmic drug

� Spontaneous sustained VT in patients who do not have structural heart
disease that is not amenable to other treatments

a The reader is referred to the American College of Cardiology/American
Heart Association guidelines for other indications for pacemaker and
AICD therapy.

antitachycardia pacing (P); shock (S): cardioversion or
defibrillation; both pacing and shock (D); or no
antitachycardia function (O). Overdrive pacing often may
be deployed on short runs of ventricular as well
supraventricular tachyarrhythmias. Pacing avoids the need
for cardioversion or defibrillation, thereby preserving
cardiac muscle as well as the AICD battery life. Devices

with cardioversion or defibrillation capability (S) fall into
the category of AICDs.

Based on NASPE and British Pacing and Electrophysiology
Group (NBG) coding there aremany varieties of programmable
modes. Often, for devices that have only pacing function, the
first three letters are used.Thus, a VVI pacemaker will pace the
ventricle (V) by not inhibiting itself (I) when it senses a lack of
native depolarizations in the ventricle (V). An AAI pacemaker
will sense the atrium (A) for depolarizations, and if it does sense
a native depolarization, it goes on to pace the atrium (A) by
not inhibiting (I) itself. VDD pacemakers pace the ventricle
(V) while sensing both the atrium and ventricle (D), and their
response could be inhibition or triggering (D) based whether
the device senses a native depolarization.The DDD and DDDR
(ARP capable) pacemakers are the most widely used mode of
pacing, as they are the most versatile and can be used for many
indications with only minor programming modifications. The
workings of a VVI and DDD pacemaker in various scenarios is
illustrated in Figs. 76.1 through 76.4.

Pacemaker programming
Pacemakers are classified as single- or dual-chamber pacemak-
ers depending on whether they pace a single chamber (atrium
or ventricle) or both chambers based on programming. The
number of leads seen on radiography does not cast any light
on whether a pacemaker is single or dual chamber. How-
ever, an electrocardiogram (ECG) taken while a dual-chamber
pacemaker is functioning usually shows separate atrial and ven-
tricular pacer spikes, unlike a single-chamber pacemaker.

Atrium

Ventricle

SA

AVN
Sensing

Pacing

Pacemaker

Figure 76.1. This figure shows an atrioventricular node/bundle of His con-
duction block (AVN unshaded). The sensing unit of the VVI pacer does not
sense a depolarization in the ventricle (unshaded arrow). Hence there is no
“inhibition” of the pacing unit. This allows the un-inhibited pacing unit to fire
and depolarize the ventricle (shaded arrow).
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Table 76.2. Pacemaker/AICD codes

I II III IV V
Chamber paced Chamber sensed Response to sensed event Programmability/rate response Antitachycardia function

O = none O = none O = none O = none O = none
A = Atrium A = Atrium I = Inhibit R = Adaptive rate P = ATP
V = Ventricle V = Ventricle T = Triggered S = Shock
D = Dual (A & V) D = Dual (A & V) D = Dual (I & T) D = Dual (P & S)
S = Single S = Single

ATP = Antitachycardia pacing
From Atlee JL, Bernstein AD. Cardiac rhythmmanagement devices (part II): perioperative management. Anesthesiology 2001; 95(5):11265–11280.

Single-chamber pacemakers
Single-chamber pacemakers have a single timing interval
between successive depolarizations. This interval is called the
escape interval – ventricular escape interval (VEI) or atrial
escape interval (AEI) depending on the chamber sensed. This
escape interval gets reset if a spontaneous depolarization is
sensed within the interval. If no spontaneous depolarizations
are sensed within the escape interval, the interval then lapses,
triggering a paced depolarization and the initiation of a fresh
VEI or AEI.

Dual-chamber pacemakers
Dual-chamber devices have two atrial escape intervals and one
ventricular escape interval.

Atrium

Ventricle

SA

AVN
Sensing

Pacing

Figure 76.2. In this scenario the patient briefly does not have an atrioven-
tricular nodal (AVN)/bundle of His block. This allows a native depolarization
to travel to the ventricle. The sensing unit of the VVI pacer detects this depo-
larization (shaded arrow) and becomes stimulated. The programmed event
of this “stimulation” is the inhibition of the pacer unit (unshaded arrow)
allowing native depolarizations to travel through the ventricle and initiate a
contraction. SA, sinoatrial node.

Pacemaker malfunctions
Most modern pacemakers are robust and have excellent shield-
ing properties. Common pacemaker malfunctions and their
descriptions are described in Table 76.3. Diagnosis of individ-
ual pacemaker malfunction is beyond the scope of this chapter
and should be left to electrophysiologists.

AICD design, function, and programming
AICD design and function
An Automatic Internal Cardiac Defibrillator has a micropro-
cessor driven pulse generator that is capable of a biphasic elec-
trical current delivery to minimize the defibrillation energy
requirements as well as to conserve battery life. The powering

Atrium

Ventricle

SA

AVN SensingPacing

Figure 76.3. In this scenario a DDD pacemaker is functioning normally in a
patient with sinoatrial node (SA) block: atria and atrioventricular node [AVN]
(all unshaded straight arrows); a ventricular escape rhythm (upward facing
shaded arrow). Because of the SA block, the sensing unit does not sense an
impulse from its atrial lead (unshaded arrow). This results in an atrial pacing
beat (downward facing shaded arrow). A few milliseconds later, because of
an escape ventricular depolarization (shaded ventricle), the ventricular lead
triggers the sensing unit (upward facing shaded arrow) which inhibits further
ventricular pacing (left facing unshaded arrow).
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Figure 76.4. Figure 76.4 illustrates a normally functioning DDD pacemaker
in a patient with sinoatrial node (SA) and AV node block. However, in this
situation, no ventricular escape beat or conduction of the paced atrial beat
is forthcoming (unshaded ventricle and unshaded upward and downward
facing arrows). Thus, the ventricular lead does not transmit any impulse to the
sensing unit (upward facing unshaded arrow). This allows the sensing unit
to trigger the pacing unit and the pacing unit induces a paced beat to the
ventricle and atria (shaded arrows). In this situation both atria and ventricle
are being depolarized by the pacing device. AVN, atrioventricular node.

batteries are often Li-SVO (Lithium Silver vanadium oxide bat-
teries). Batteries are usually changed every 5 to 8 years. The
device also has electrolytic storage capacitors to store energy to
be used during electrical therapy. The pulse generator attaches
to the endocardial surface of the heart by means of transvenous
leads that detect and treat arrhythmias.

AICD programming
The first step in the treatment of tachyarrhythmias is the
sensing of ventricular depolarizations. The sense amplifier is
usually programmed to respond to rates of 50–350 bpm.A band
pass filter throws out low and high frequency signals (Electro-
cautery) and derives an R-R interval. The derived R-R inter-
val is then matched with the set R-R VT/VF detection inter-
val that has been programmed into the device. If the detected
R-R interval is less than the programmed R-R detection inter-
val, the device readies itself for electrical therapy. In addition,
modern AICDsmay take into consideration the morphology of
the waveform (chaotic versus regular) and the suddenness of
onset (VF is of sudden onset compared to sinus tachycardia) in
diagnosing ventricular tachyarrhythmias.Most AICDs have the
following electrical treatment capabilities, and the device pro-
gresses through the following treatment options:

� Overdrive pacing is the process of increasing the heart rate
by means of an artificial cardiac pacemaker in order to
suppress certain arrhythmias.

� Cardioversion. The pacemaker synchronizes to the R or S
wave of the surface EKG and then shocks are delivered
outside these waves to avoid an R-on-T phenomena that
can cause the rhythm to degenerate to fibrillation.

� Defibrillation. A process of delivering electrical shocks to a
heart in fibrillation or ventricular tachycardia.

The device can be programmed to treat VT with overdrive
pacing and if that fails, it progresses on to cardioversion and
then defibrillation. The ability to utilize overdrive pacing in
the treatment of many tachyarrhythmias helps in the conser-
vation of battery life as well as minimizes the damaging effects
of shocks on the myocardium. In tiered therapy, treatment is
started with overdrive: atrial tachycardia may be treated with

Table 76.3. Pacemaker malfunctions and descriptions

Malfunction Description

Failure to sense Failure to sense is a condition where there may be inadequate cardiac signal strength, and this condition can be diagnosed
by the presence of native complexes coexisting with pacing spikes in the same time frame.

Oversensing In oversensing, the pacemaker becomes exquisitely sensitive to electrical activity outside its zone of surveillance (far-field
sensing). Electrocautery, or cross-chamber oversensing can cause the unit to inappropriately trigger or inhibit the pacing unit.

Failure to pace Failure of a pacemaker to pace maybe the result of battery drain, breakage in the circuit due to lack of contact of the leads at
either end, or oversensing.

Failure to capture In failure to capture, pacing spikes are present appropriately but are not followed by chamber depolarizations. Myocardial
ischemia, fibrosis, hyperkalemia, severe acidosis, beta-blockers, hyperglycemia, and some class II and III antiarrhythmics may
occasionally cause this type of malfunction.

Pacing at abnormally high rates Lead disruption, inadequate hysteresis programming, or a dual chamber pacemaker responding to an atrial tachycardia event
can lead to pacing at abnormally high rates.

Pacing at abnormally low rates An abnormally low pacing rate may be caused by excessive hysteresis programming, battery depletion, or an ARP pacemaker
responding to deep sleep, or slow respirations.

Pacemaker-mediated
tachycardia

Pacemaker-mediated tachycardia is a malfunction unique to dual-chamber pacemakers. Pacemakers can sometimes detect
myopotentials from the chest musculature, which may be mistaken for atrial depolarizations and cause the pacemaker to
drive ventricular pacing at a high rate.

Crosstalk Crosstalk occurs when events in the atrial channel are sensed by the ventricular channel, and vice versa, which may lead to
inappropriate pacing.
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overdrive pacing; ventricular tachycardia (VT) may be prefer-
entially treated initially by cardioversion and ventricular fibril-
lation (VF) treated by defibrillation.

AICDmalfunction
Diagnosing pacemaker malfunction requires a long rhythm
strip and a 12-lead ECG, along with a chest radiograph. Infor-
mation about the pacemaker also can be obtained from the
cardiology service that implanted it, or the electrophysiology
(EP) service can interrogate the device. If the device appears
to be malfunctioning, placement of a magnet over the device
usually trips a reed switch; then, if there is a preprogrammed
asynchronous pacing mode, the pacer usually reverts to this
fixed mode. If a magnet does not seem to fix the problem, then
there is a lack of programming of switch behavior, disruption
of the leads, or battery failure. In that case, arrangements must
be made for urgent transcutaneous or transvenous pacing if
there is no time to have the EP interrogate the device.

Failure to deliver effective shocks
Myocardial ischemia and severe acidosis alter the morphology
of the rhythm, which may lead to nonrecognition. Recurrent
arrhythmias may occur in the context of myocardial ischemia
or severe acidosis, leading to repeated shocks; this leads to a
degree of “tolerance” by the device, resulting in ineffective ther-
apy. The same conditions may raise the threshold for effective
defibrillation, causing the usual current strength to be ineffec-
tive. Repeated shocks and depletion of the battery, as well as loss
of lead contact, are other causes.

Inappropriate shocks
Electrocautery artifacts, supraventricular tachycardia misdiag-
nosed as ventricular tachycardia (VT), double counting of R
and T waves during pacing, and lead artifacts are some of the
reasons for the administration of inappropriate therapy. Some-
times the AICD senses pacer spikes of the pacemaker subunit,
leading to miscounting and inappropriate shocks. Conversely,
inappropriate AICD shocks may result in the pacemaker failing
to sense or capture.

Drug–device interaction
Drugs are often used for rhythm management in patients
with an AICD. They may be used for the suppression of
nonsustained VT, prophylaxis of atrial fibrillation, or other
indications. Such drugs may affect the device function in sev-
eral ways, including:

� Making the myocardium proarrhythmic
� Increasing defibrillation thresholds (class 1C drugs,

phenytoin, amiodarone)
� Altering the ECG morphology, resulting in failure to detect

shockable rhythms

Preoperative evaluation of a patient
with an AICD or pacemaker
History and physical examination
Patients with rhythm management devices often have coexist-
ing conditions, such as coronary artery disease, cardiomyopa-
thy, valvular heart disease, diabetes, or congenital heart disease.
A complete drug history is essential, as some patients may be
on antiarrhythmics.

Vitals signs and pulse plethysmography or palpation will
confirm that the paced beats do get converted to mechanical
contractions of the ventricle. A 12-lead ECG with a rhythm
strip may be useful in determining the type of leads and
whether the patient is pacemaker dependant. A chest radio-
graph may be useful in identifying the pacemaker and visualiz-
ing any gross malpositioning of the leads. In most cases, a chest
radiograph may not shed much light on the status of the pace-
makers, and other factorsmay be taken in account before order-
ing one. Serum electrolytes may be useful in patients who are
extremely ill or on drugs that can alter electrolyte levels, such as
diuretics. Electrophysiology or cardiology consults must often
be requested before an anesthetic in a patient with a pacemaker
or AICD to obtain most of the information listed in Table 76.4.

Evaluating pacemakers
Table 76.4 summarizes the information needed from a pace-
maker or AICD before an anesthetic. Some of this information,
such as the type of pacemaker and date of the last test, some-
timesmay be obtained from the patient, EP service consultation
and interrogation of the device are necessary to obtain the rest.
If needed, the manufacturer may be contacted directly.

Preanesthetic device management
Before the procedure, it is important to answer the following:

� Is the patient pacemaker dependent?
� Is the pacemaker an adaptive rate device?
� How close is the operative site to the device?
� Will monopolar diathermy be used?
� Does the pacemaker need to be reprogrammed?

Patients who are dependent on their pacemakers must have
the pacemaker programmed to an asynchronousmode to avoid
interference from the electrocautery unit. Adaptive rate pace-
makers are known to increase their pacing rate in response to
mechanical ventilation; hence, it may be desirable to reprogram
the unit to switch off ARP. A patient with an AICD who is
pacemaker dependent should have the pacemaker programmed
to an asynchronous mode, and the tachycardia sensing mode
should be turned off. In such a situation, the anesthesiolo-
gist must have the ability to defibrillate externally or internally
through an alternate source in case the patient has an episode
of unstable tachycardia.
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Table 76.4. Preanesthetic pacemaker and AICD evaluation

Determine the indication for and date of placement.

Determine the make and model of the device.

Determine the number of leads and types of leads.

Ascertain the last test date and the status of the battery.

Extract a data log of device events, if any.

Obtain the specifics of the current program residing on the device.

Ensure that pacemaker discharges are converted to peripheral pulses.

Determine the effects of an application of a magnet on the device.

Determine whether the device should be reprogrammed.

Device management during procedures
Place the grounding plate as far as possible from the device. If
the cautery is being used less than 6 inches from the device,
significant interference may occur. Therefore, consider using
bipolar cautery and the lowest-current energy. With simple
pacemakers, the use of electric coagulating devices may have
serious hemodynamic consequences in pacemaker-dependent
patients. Electrocautery may be misinterpreted as native elec-
trical activity and inhibit the pacing function. Placement of
the magnet will inhibit device-sensing capabilities and switch
the device to automatic pacing at a manufacturer-determined
rate. Invariably, this rate is �80 bpm in pacemakers with sub-
stantial battery life and cannot be programmed by the elec-
trophysiologist to a lower rate. Limiting the use of monopolar
electrocautery to a defined period or use of bipolar electro-
cautery can minimize periods of elevated heart rates. Also
remember that the atrial kick is lost during ventricular pacing
and may adversely affect hemodynamic stability.

Modern AICDs are well shielded from electrocautery and
have excellent bandpass filters to recognize the high frequencies
of the electrocautery unit. However, in some cases failure to use
a magnet may result in inappropriate device discharge, because
electrocautery may be erroneously interpreted as a malignant
rhythm and battery depletion may result from frequent charg-
ing. Juxtaposition of amagnet on a combinedAICD/pacemaker
most likely will disable the defibrillator function but will not
affect pacing. The response of the AICD to magnet placement
varies and depends on the specific manufacturer. Defibrillation
function may be affected by the placement of the magnet, and
arrangements for external defibrillation should be at hand.

External electrical therapy
Direct application of defibrillation paddles over a device must
be avoided. Paddles should be at least 4 inches from the device,
and the lowest possible joule settingwith biphasic therapy is rec-
ommended. External cardioversion or defibrillation will cause
a temporary loss of inhibition of the pacemaker; loss of sens-
ing or failure to capture also may occur, requiring the stimulus
strength to be adjusted to a higher setting. All devices must be
interrogated after cardioversion or defibrillation.

MRI
Most manufacturers have absolutely contraindicated MRI in
patients with an AICD or pacemaker. However, there are pub-
lished reports of a series of non–pacemaker dependent patients
who have safely undergone MRI.

Electroconvulsive therapy
The device (AICD or pacemaker) must be interrogated before
the procedure and changed to an asynchronousmode. If a mag-
net is placed over an AICD during electroconvulsive therapy,
then the ability to externally defibrillate must be ensured.

Lithotripsy
Modern lithotripsy units have an ECG input, and the unit fires
on the R waves. Lithotripsy units may inhibit the pacemaker or,
rarely, damage the circuitry. The following steps minimize the
potential for complications:
� Program pacemakers to the VVI or VOOmode.
� Keep the lithotripter focal point at least 15 cm (6 inches)

away from the pacemaker, especially in ARP devices.
� If possible, the shockwave delivery should be timed

synchronously with the patient’s R wave.
� Interrogate the device after the procedure.

Radiofrequency ablation
There have been no reports of electromagnetic interference
between a cardiac rhythm management device and radiofre-
quency ablation. Generally, it is recommended that the cluster
electrode be at least 5 cm from the device.

Postprocedure device management
All patients with a pacemaker or AICD who have been exposed
to one of the procedures listed previouslymust have their device
interrogated by the EP service in the recovery room. If amagnet
was placed over the device, it is reasonable to leave it there until
the device has been checked and it is determined that all previ-
ously programmed functions are not affected. It is important to
have facilities to pace and defibrillate if a situation arises in the
recovery room prior to the interrogation of the device.
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77 Ventricular assist devices
Amanda A. Fox and John A. Fox

In theUnited States alone, approximately 5million people suffer
fromheart failure, with 300,000 to 800,000 of these patients hav-
ing advanced heart failure (New York Heart Association class
III and IV) despite maximal medical therapy. Although heart
transplantation is a very effective treatment for end-stage heart
failure, there is an increasing shortage of suitable donor hearts
available for patients who need them. In the mid-1970s, the
National Institutes of Health established a research initiative
to develop mechanical circulatory support devices that could
serve as effective alternatives to heart transplantation. Today,
there are a variety of mechanical ventricular assist devices
(VADs) that can be used to:

1. Provide short-term ventricular support in patients who
have suffered acute but potentially reversible myocardial
insults

2. Support heart transplant candidates until a donor heart
becomes available

3. Provide definitive or “destination” therapy for patients with
refractory heart failure who are not heart transplant
candidates

What is a VAD?
VADs are mechanical devices that take over all or part of the
work of a damaged ventricle to improve patient hemodynam-
ics and end-organ perfusion. VADs have been designed that
can provide left, right, or biventricular support. Although there
are many types of VADs, they all function according to the
same general principles: Blood is removed from a left- or right-
sided cardiac chamber via an inflow cannula that then delivers
blood to the VAD pumping chamber. Blood is then pumped
out of the VAD chamber into an outflow cannula that deliv-
ers blood to either the aorta (in the case of a left ventricu-
lar assist device [LVAD]) or the pulmonary arteries (in the
case of a right ventricular assist device [RVAD]). The VAD
therefore decompresses a failing ventricle and simultaneously
augments systemic (LVAD) or pulmonary arterial (RVAD) per-
fusion. Desirable potential outcomes of VAD therapy include
improved end-organ function; neurohumoral down-regulation
of circulating catecholamines, renin, angiotensin, and other
cytokines that are upregulated during end-stage heart failure;

and potential myocyte recovery with related ventricular reverse
remodeling. Although improved end-organ function and
neurohumoral down-regulation appear to occur relatively con-
sistently with VAD therapy, the propensity for reverse ventric-
ular remodeling has been fairly disappointing. A schematic of
a HeartMate vented electric pulsatile LVAD (Thoratec Corp.,
Pleasanton, CA) is shown in Fig. 77.1.

All VADs currently require some intracorporeal to extracor-
poreal connection or breach to provide the VAD with power.
This need for an extracorporeal power supply makes infection
a serious potential complication of VAD therapy. Depending
on the type of VAD, external power is supplied by a relatively
large electric or pneumatic console.However, someof the newer
VAD designs allow for increased patient mobility by allowing
power to be supplied from a small battery pack that can beworn
in a shoulder holster. VADs may be implanted with the aid of
cardiopulmonary bypass (CPB) in a cardiac operative suite, or

Figure 77.1. Components of the LVAD.
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Table 77.1. VAD types

Extracorporeal, nonpulsatile centrifugal flow
� Short-term support

Bio-Medicusa – BiVAD potential
TandemHeartb – percutaneous LVAD

Extracorporeal, pulsatile
� Short-term support or bridge to transplant

Abiomed AB5000c

Abiomed BVS 5000c – BiVAD potential
Thoratecd – BiVAD potential

Intracorporeal, pulsatile
� Bridge to transplant

Novacor LVADe

HeartMate 1000 implantable pneumatic LVADd

� Bridge to transplant or destination therapy
HeartMate vented electric LVADd

Intracorporeal, nonpulsatile axial flow
� Short-term support

Impella percutaneous LVADc

� Bridge to transplant
Jarvik 2000 FlowMaker LVADf (approved in Europe Union;
investigational in United States)
DeBakey LVADg

HeartMate II LVADd

a Medtronic, Eden Prairie, MN.
b CardiacAssist, Inc., Pittsburgh, PA.
c Abiomed, Danvers, MA.
d Thoratec Corp., Pleasanton, CA.
e World Heart, Salt Lake City, UT.
f Jarvik Heart, Inc., New York, NY.
g MicroMed Cardiovascular, Inc., Houston, TX.

they may be placed percutaneously in the cardiac catheteriza-
tion laboratory. Examples of available VADs are listed in Table
77.1. Available VADs may be considered and classified accord-
ing to whether the VAD:

1. Is intended to be implanted inside or outside the body
2. Generates pulsatile or continuous (axial) flow
3. Is intended for left ventricular support only (LVAD) or is

also used for right or biventricular support (BiVAD)
4. Is intended to provide shorter- versus longer-term support

Indications and contraindications
for VAD placement
Assuming correction of hypovolemia, acid–base abnormalities,
and electrolyte disturbances, VADs are indicated in patients
who are in refractory cardiogenic shock despite inotropic or
intra-aortic balloon pump support (or both). Although the def-
inition of cardiogenic shock may vary somewhat among insti-
tutions, typical criteria include a cardiac index � 2 L/min/m2,
a systolic blood pressure � 80 mm Hg, a pulmonary capil-
lary wedge pressure � 20 mm Hg, and a urine output � 20
to 30 ml/h. When VAD insertion is considered, the goal is to
implant the VAD before irreversible multisystem organ fail-
ure occurs. Typical contraindications to VAD insertion include
patients with renal failure (serum creatinine � 5 mg/dl), severe

hepatic dysfunction (an international normalized ratio that
is not correctable to � 1.5), severe lung disease (pulmonary
function tests showing forced expiratory volume in the first
second of expiration [FEV1], forced vital capacity, or diffus-
ing capacity of lung for carbon monoxide [Dlco] � 50% of
predicted), or significant irreversible or progressive neurologic
deficits. Because hepatic dysfunction in heart failure patients
often reflects right ventricular dysfunction and related hepatic
congestion, elevated liver function tests suggest that insertion of
a BiVADmight bemore successful than an isolated LVAD.Most
cancers are also considered contraindications toVAD insertion.
Because infection is a significantmorbidity afterVAD insertion,
patient infections should be successfully treated prior to VAD
insertion. Some advocate that blood cultures should be nega-
tive in such patients for at least a week prior to VAD insertion.

Preoperative assessment of
the VAD candidate
When assessing a patient preoperatively before VAD inser-
tion, it is important to recognize that many patients with long-
standing heart failure develop concurrent dysfunction of other
organs secondary to poor perfusion or vascular congestion.
Therefore, it is important to conduct a thorough preanesthetic
evaluation of a VAD candidate, paying particular attention to
the status of the patient’s cardiovascular, renal, hepatic, pul-
monary, and neurologic systems. This evaluation will allow the
anesthesiologist to identify preoperative organ dysfunction and
to discuss with the primary medical team ways in which the
patient might be further optimized prior to surgery. Detailed
awareness of patient comorbidities also allows anesthesiolo-
gists to better anticipate and prepare for related perioperative
difficulties.

With regard to the patient’s cardiopulmonary and vascular
status, it is helpful to knowwhat inotropes and vasopressors the
patient is receiving, and at what dosages. It is useful to know
whether the patient has been on a stable dosage of a certain
inotrope formanymonths orwhether he or she has been requir-
ing rapidly escalating inotrope dosages. This knowledge gives
the anesthesiologist a sense of whether VAD surgery is urgent
or emergent, thereby dictating how much time (if any) is avail-
able for further evaluation or optimization of the patient. Fur-
thermore, if a patient has been reasonably stable on an infusion
of a specific inotrope at home and is presenting with gradual
deterioration warranting VAD placement, the anesthesiologist
would then know that administration of that inotrope may be
helpful at preoperatively administered or slightly higher doses
during induction of anesthesia as well as during other periop-
erative phases. In patients undergoing isolated LVAD implanta-
tion, knowledge of potentially effective inotropes may be useful
for supporting right ventricular function after VAD implanta-
tion.

It also is helpful for the anesthesiologist to review the
patient’s preoperative echocardiogram, as right ventricular dys-
function often occurs in conjunction with left ventricular
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dysfunction. If the patient has moderate or severe right ven-
tricular dysfunction, it may be useful to discuss with the sur-
geon the possibility that the patient may require an RVAD as
well as an LVAD. Many patients may have significant tricus-
pid regurgitation that the surgeon may elect to repair as well.
This is important for the anesthesiologist to know, as some sur-
geons may request that the patient’s pulmonary artery catheter
be withdrawn from the right ventricle before the tricuspid valve
is repaired.

Left heart catheterization data are particularly important
in LVAD patients who have significant obstructive disease of
the right coronary artery, as they indicate that the patient may
require a right coronary artery bypass graft as well as LVAD
placement. Right heart catheterization data are useful in iden-
tifying patients with moderate or severe pulmonary hyperten-
sion. Some institutions initiate trials of intravenous inodilators
(e.g., milrinone) or vasodilators (e.g., prostaglandins) as well as
inhaled pulmonary vasodilators (e.g., nitric oxide) with a pul-
monary arterial catheter in place to determine whether a poten-
tial VAD candidate has pulmonary hypertension that is “fixed”
versus reduced with pharmacotherapy. If such a preoperative
evaluation is conducted, it is useful to knowwhich drugs reduce
pulmonary hypertension, as those drugs may be useful in the
post-CPB period for reducing right ventricular afterload and
related right ventricular dysfunction.

It is important to evaluate whether a patient has pulmonary
edema, particularly to the degree that it is impairing oxygena-
tion. If a patient has substantial preoperative pulmonary edema,
it is worth determining whether he or she might be responsive
to further preoperative diuresis. Most VAD candidates are on
daily diuretics. It is important to know what diuretics they are
on and at what dosages, as, particularly for intraoperative diure-
sis with loop diuretics, it will be most effective to administer at
least, if notmore than, the intravenous equivalent of the normal
daily dose.

Preoperative renal insufficiency is often associated with
diminished renal perfusion secondary to low cardiac output.
Many patients experience improved renal function in the weeks
andmonths after VAD insertion. However, patients with preop-
erative renal insufficiency may develop acute on chronic renal
failure in the immediate perioperative period secondary to the
insults of surgery andCPB. For patients withmoderate to severe
preoperative renal insufficiency, it may be useful to consult a
renal specialist preoperatively, as such patientsmay require ven-
ovenous hemodialysis during the days after surgery. If this is
anticipated, access for such dialysis can be placed sterilely prior
to leaving the operating room after VAD placement. It is also
important to recognize the potential for uremic platelet dys-
function and to be prepared to transfuse platelets after separat-
ing from CPB.

Patients who have elevated liver function tests are more
likely to experience significant perioperative coagulopathy.
Many VAD candidates have also undergone prior cardiac surg-
eries. Both of these scenarios increase the patient’s risk for
substantial bleeding after CPB (one or more patient blood

volumes). The anesthesiologist should recognize this and plan
for adequate intravenous access for rapid volume resuscitation.
It is also useful to communicate with the institution’s blood
bank preoperatively to ensure rapid access to sufficient packed
red blood cells, fresh frozen plasma, cryoprecipitate, and, possi-
bly, recombinant factor VII. Autologous blood scavenging can
also be arranged for the intraoperative period. Many VAD can-
didates have also undergone at least one prior cardiac surgery
and therefore also have increased risk for perioperative bleeding
secondary to mediastinal scarring and adhesions.

Induction of anesthesia
To maintain hemodynamic stability during induction of anes-
thesia for VAD surgery, the anesthesiologist must understand
the unique physiology of patients with severe left, right, and
biventricular failure. A frequent scenario is a patient with severe
left ventricular dysfunction (left ventricular ejection fraction of
approximately 10%), moderate right ventricular dysfunction,
and moderate pulmonary hypertension. Such patients have
high levels of circulating endogenous catecholamines as part of
the body’s attempt to compensate for the failing left ventricle’s
small, fixed stroke volumes and correspondingly low cardiac
output. Increased circulating catecholamines help compensate
for this by engendering higher heart rates as well as increased
systemic vascular resistance, both of which will improve sys-
temic perfusion.Therefore, it is important for the anesthesiolo-
gist to attempt to minimize the sympatholysis that often occurs
in response to induction of anesthesia. This can be done in
a number of ways. An arterial line should be placed prior to
induction to allow blood pressure monitoring with each beat
of the heart. If a patient has pulmonary arterial pressures that
are approaching systemic pressures, it may be useful to place a
pulmonary arterial catheter preoperatively to titrate inodilators
and vasodilators during induction. It is also important to min-
imize hypoxia and hypercarbia by adequately ventilating such
patients during induction so as not to exacerbate pulmonary
hypertension. Induction drugs such as midazolam and etomi-
date tend to minimize sympatholysis, but it is important to
remember that all drugs administered to VAD candidates prior
to VAD insertion will have a slow circulating time before tak-
ing effect. Therefore, initial doses of induction agents should
be given slowly and patiently before any supplemental doses
are given. Higher heart rates are generally desirable for sustain-
ing adequate cardiac outputs in end-stage heart failure patients.
Because most end-stage heart failure patients have severe dias-
tolic dysfunction as well as severe systolic dysfunction, these
patients generally do not tolerate sudden changes in preload or
afterload. Consequently, preoperative inotropes are often con-
tinued or increased during induction andmaintenance of anes-
thesia prior to initiating CPB.

Given the potential for hemodynamic collapse with induc-
tion of anesthesia, the anesthesiologist inducing the patient
should also be ready for urgent initiation of CPB. This means
having an adequate heparin dose ready to administer, as well as
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a primed CPB circuit and an immediately available cardiac sur-
geon and perfusionist. The Jarvik FlowMaker axial flow VAD
(Jarvik Heart, Inc., New York, NY) has been designed so it can
be implanted through a left thoracotomy incision with the out-
flow cannula implantable into the descending thoracic aorta.
An advantage of this potential is the ability to avoid scarring and
adhesions in patients who have had multiple prior sternotomy
incisions. However, the anesthesiologist should be aware of
when such a device’s implantation and approach are planned,
as this situation will require double-lumen endotracheal tube
placement or other provisions for lung isolation during VAD
implantation.

Anesthetic considerations for
the pre-CPB period
The hemodynamic principles discussed earlier with regard to
induction of anesthesia also apply to maintenance of anesthe-
sia in the pre-CPB period. Patients are generally continued on
inotropes and vasopressors in doses that are equivalent to or
higher than those they were receiving preoperatively. Mainte-
nance of anesthesia is usually achieved with low but amnestic
doses of volatile agent, as well as slowly administered doses of
intravenous narcotics such as fentanyl. If a pulmonary arterial
catheter is not placed prior to induction, it should be placed
soon thereafter. In patients who have undergone previous heart
surgeries, it may be safer to cannulate a femoral artery and vein
prior to sternotomy. Some surgeons actually elect to initiate
CPB prior to sternotomy, as adhesions and scarring increase
the risk of massive bleeding from injury to the right ventricle or
other cardiovascular structures thatmay be adherent to the ster-
nal table. The anesthesiologist should be certain that enough
peripheral or central venous access is established to allow for
large-volume administration of crystalloids, colloids, and blood
products. As discussed in the preoperative assessment section,
VAD patients often have hepatic congestion and associated pre-
operative coagulopathy. Some patients have preoperative ure-
mia and associated platelet dysfunction. When these factors
are coupled with the iatrogenic insults to the coagulation sys-
tem introduced by the overall increased systemic inflammatory
response to surgery, as well as by blood exposure to the extra-
corporeal surfaces of the CPB circuit and the VAD, substantial
post-CPB blood loss should be anticipated.

Many institutions also initiate a prophylactic perioperative
antibiotic regimen in an attempt to minimize patient risk for
serious perioperative infection or sepsis. Intravenous antibi-
otics such as vancomycin, levofloxacin, rifampin, or fluconazole
often are given before skin incision and are regularly redosed
throughout the immediate perioperative period. Parts of the
VAD are also frequently soaked in antibiotic solution before
implantation.

Various aspects of the standard perioperative trans-
esophageal echocardiographic (TEE) examination have
particular relevance for identifying cardiac and aortic abnor-
malities that might contribute to adverse patient outcomes

or VAD failure after implantation. When well communicated
to the responsible cardiac surgeon, knowledge of such TEE
findings can guide additional surgical interventions prior to
VAD implantation that might contribute to success. There
are several particularly important diagnoses that should be
considered by the physician performing the intraoperative TEE
prior to VAD implantation:

1. VAD surgeons typically consider correcting greater than
mild aortic (in the case of LVAD implantation) or greater
than mild pulmonic insufficiency (in the case of RVAD
implantation). Such valvular insufficiency is typically
addressed surgically by oversewing or replacing the
patient’s native, incompetent valve. This procedure is
necessary with LVAD surgery because the VAD outflow
cannula delivers blood to the patient’s aorta. Significant
aortic insufficiency will result in a substantial percentage of
LVAD blood output repeatedly recycling retrograde across
the incompetent aortic valve and back through the LVAD
pump rather than progressing antegrade to provide
systemic perfusion. A parallel concept applies to RVAD
placement in the setting of pulmonic insufficiency with
regard to retrograde recycling of VAD outflow delivered to
the pulmonary artery.

2. Particularly with isolated LVAD surgery, cardiac septal
defects such as a patent foramen ovale, atrial septal defects,
or ventricular septal defects should be surgically closed to
avoid significant right-to-left shunt after VAD support is
initiated.

3. Although mitral regurgitation typically improves and
becomes insignificant with adequate LVAD function,
moderate or severe mitral stenosis may significantly impair
VAD filling and should be surgically evaluated and
addressed.

4. Because many VAD candidates have severely enlarged
cardiac atria and ventricles accompanied by slow or static
passage of blood flow through these chambers, TEE
examination should assess carefully for intracardiac
thrombus to prevent potential embolic events as well as
thrombotic complications within the VAD itself. The
cardiac surgeon is particularly likely to perform a
thrombectomy for left ventricular apical thrombi, as the
VAD inflow cannula is often placed directly into the left
ventricular apex.

5. As mentioned earlier in this chapter, depending on the
type of LVAD inserted, the VAD outflow cannula can be
implanted into the ascending or descending thoracic aorta.
TEE can be used to assess whether there is significant
atheroma in the descending aorta. If descending aortic
atheroma is moderate or severe, the surgical approach
might be changed to allow for implantation of the VAD
outflow cannula in the ascending aorta instead. Because
many VAD implantations occur in patients who are
undergoing repeat sternotomies that might warrant
femoral venous to femoral arterial CPB, knowledge of a
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significant descending aortic atheroma might alter the
surgical arterial cannulation approach to favor axillary
arterial or ascending aortic cannulation. This shift in plan
for CPB cannulation might be made out of concern that
femoral arterial cannulation might result in significant
retrograde embolization of a descending aortic atheroma.
With most VAD types, the LVAD outflow cannula is
implanted into the ascending aorta, with surgery
performed through a midline sternotomy incision. In this
case TEE, as well as epiaortic ultrasound, can be used to
detect a significant ascending aortic atheroma, which can
be addressed surgically by atherectomy or ascending aortic
replacement prior to insertion of the LVAD inflow cannula.

6. The VAD candidate should be carefully assessed for
severity of right ventricular dysfunction and tricuspid
regurgitation. Particularly in the situation of isolated LVAD
surgery, cardiac surgeons may conduct tricuspid valve
repair for the indication of tricuspid regurgitation. The
idea behind such repair is to promote forward flow from
the right ventricle to help ensure adequate blood return to
the LVAD. Furthermore, knowledge that a patient has
moderate or severe right ventricular dysfunction prior to
isolated LVAD implantation will allow better planning for
right ventricular support with inotropes as well as right
ventricular afterload reduction with pulmonary
vasodilators. Such knowledge of right ventricular
dysfunction also allows preparation for potential
additional RVAD implantation.

Anesthetic considerations after VAD insertion
With any open heart surgery, but particularly with VAD place-
ment, complete de-airing of the heart and the VAD takes
time. Intraoperative TEE examination is helpful for determin-
ing when most of the air has been removed from the left heart
and the VAD. TEE is also used to assess proper VAD inflow
cannula placement in the left atrium or the more typical apical
left ventricular location. If the supported ventricle appears dis-
tended rather than decompressed when weaning from CPB to
VADsupport, inflowcannulamalposition should be high on the
differential and should be readjusted by the surgeon. If a single
VAD is placed, intraoperative TEEmay be useful for evaluating
function of the non–VAD-supported ventricle. TEE will often
guide the care team in deciding when isolated LVAD support
has failed and biventricular assistance needs to be implemented
through additional implantation of an RVAD.

Before weaning from CPB, a platelet count and fibrino-
gen level are often sent to help the anesthesiologist anticipate
the post-CPB need for fresh frozen plasma, cryoprecipitate,
and platelets. This allows such blood products to be readily
available in the operating room for early treatment of coag-
ulopathy. When an LVAD has been initiated alone, inotropes
are frequently administered to aid right ventricular contrac-
tility that is sufficient to tolerate post-CPB blood transfusions
and to provide adequate blood return to the left heart and

associated VAD. In patients in whom there is particular con-
cern regarding potential volume overload of the right ventri-
cle after LVAD implantation, various modes of ultrafiltration
can be implemented while they are on CPB to hemoconcentrate
the blood and reduce the overall blood volume to be returned
to the patients after being separated from CPB. Also in keep-
ing with the concept of promoting right ventricular output,
patients in whom significant pulmonary hypertension is antic-
ipated should be placed on vasodilator therapy such as inhaled
nitric oxide. In a patient who receives a large-volume transfu-
sion, has persistent nonsurgical bleeding, or has marginal right
ventricular function, the cardiac surgeon may elect to leave
the chest open after surgery and allow the patient to recover
for several days in the intensive care unit before attempting
chest closure again in the operating room. AlthoughmanyVAD
patients hemodynamically tolerate atrial fibrillation and other
supraventricular arrhythmias, ventricular tachycardia typically
is poorly tolerated, particularly in those receiving an LVAD,
and is treated aggressively with cardioversion and pharmaco-
therapy.

All VADs have an essentially fixed filling capacity. If a pul-
satile VAD receives increased blood return, VAD output is
increased by increasing the pump ejection rate. If an axial flow
or centrifugal VAD receives increased blood return, VAD out-
put is increased by increasing the VAD rotation speed. Unlike
with native heart tissue, neither pulsatile nor axial flow–type
VADs have the compensatory capacity to increase contractil-
ity to improve output. Therefore, VADs are extremely preload
dependent. If VAD output decreases, TEE and other hemody-
namic monitors should be used to assess whether the patient is
hypovolemic, the VAD inflow cannula is malpositioned, or the
patient is experiencing significant right ventricular dysfunction
that is compromising blood passage to the left heart. The anes-
thesiologist and surgeon then need to address these causative
issues. If the patient has significant right ventricular dysfunc-
tion, diuretics can be administered to help mitigate volume
overload. Inotropes can be increased or initiated to improve
contractility, and pulmonary vasodilators such as nitric oxide
can be given to decrease pulmonary hypertension and there-
fore the afterload against which the right ventricle is contract-
ing. One should not increase the VAD rate or rotation in the
setting of low outputs, as this will cause the VAD to exert neg-
ative pressure on the supported ventricle as well as the inflow
cannula suture line.This scenariomay result in air embolization
from along the inflow cannula suture line. Increasing the LVAD
rate or rotation in the setting of poor filling also may result in a
leftward shift of the interventricular septum, whichmay further
perpetuate severe right ventricular dysfunction.

The inflow cannula is inserted into the apex of the left ven-
tricle, and the outflow cannula is anastomosed to the ascend-
ing aorta. Blood returns from the lungs to the left side of the
heart and exits through the left ventricular apex and across an
inflowvalve into the prosthetic pumping chamber. Blood is then
actively pumped through an outflow valve into the ascending
aorta. The pumping chamber is placed within the abdominal
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wall or peritoneal cavity. A percutaneous drive line carries the
electrical cable and air vent to the battery packs (only the pack
on the right side is shown in Fig. 77.1) and the electronic
controls, which are worn on a shoulder holster and belt, respec-
tively.
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Chapter

78 Anesthetic considerations for surgical repair
of the thoracic aorta
Brian J. Gelfand and Amanda A. Fox

Introduction
Aortic aneurysms and dissections may involve the ascending,
arch, or descending segments of the thoracic aorta. Surgical
repair of the thoracic aorta involves a variety of periopera-
tive approaches and considerations related to the type, location,
and extent of thoracic aortic pathology. Anesthesiologists must
understand the full scope of these issues to provide optimal care
for patients undergoing thoracic aortic surgeries.

Preparing for urgent or emergent thoracic
aortic surgery
In the clinical presentation of thoracic aortic dissection, leak-
ing aneurysm, or contained traumatic transection, a minimum
of two large-bore intravenous (IV) catheters must be placed
to provide massive volume resuscitation as needed. Placing an
arterial line for continuous blood pressure monitoring should
be done as soon as possible to allow optimal hemodynamic
management. Tight pharmacologic control of a patient’s blood
pressure and left ventricular ejection velocity should be initi-
ated to help prevent propagation of aortic dissection or aortic
rupture. In transporting patients with known or potential acute
aortic syndromes to the operating room (OR), it is essential
to be prepared for potential acute clinical deterioration and to
have appropriate personnel, equipment, drugs, and monitoring
available to be able to rapidly intubate the patient (if the patient
is not already intubated) and to initiate needed cardiac and vol-
ume resuscitation.This is particularly important to remember if
the patient is being transported for further diagnostic tests, such
as CT imaging, before coming to the OR. Additional venous
access or monitoring lines, such as central venous catheters or
pulmonary arterial catheters, can be placed in the OR or the
intensive care unit when time permits.

In patients with aortic dissections, administering sedatives
and pain medication not only will improve patient comfort
but should result in better control of high blood pressure and
heart rate. However, care must be taken not to oversedate
such patients, particularly if they are being monitored for fur-
ther diagnostic tests prior to going to the OR. The patient
needs to be alert enough to respond to serial examinations
that would indicate expansion of aortic dissection and the need
to go immediately to surgery. Such patients require frequent

neurologic assessments for newmental status changes or spinal
cord ischemia, as well as abdominal examinations to assess for
mesenteric ischemia. A Foley catheter may be placed in the
bladder to aid in detecting oliguria related to renal ischemia.

Pharmacologic hemodynamic management
Drugs used for hemodynamic management of patients with
suspected or known critical aortic pathology ideally should
have few side effects and short half-lives that allow for rapid
onset and offset. To prevent extension of aortic dissection or
aortic rupture, systolic and diastolic blood pressure should be
tightly controlled, with target systolic and mean systemic arte-
rial blood pressures in most patients approximating 100 to
120 mm Hg and 60 to 80 mm Hg, respectively. Vasodilator
drugs commonly used to control preoperative hypertension are
shown in Table 78.1.

Reducing left ventricular ejection velocity also may be help-
ful for minimizing expansion of aortic dissections. This can
be accomplished by using �-adrenergic receptor antagonists
(�-blockers), as this group of drugs will decrease the patient’s
heart rate (and therefore the number of blood flow pulsations
directed toward an intimal tear) and left ventricular contrac-
tility (decreasing the force of blood flow pulsations toward an
intimal tear). When vasodilators are administered, particularly
those that markedly reduce systemic afterload, patients may
experience both increased forcefulness of left ventricular ejec-
tion and pronounced reflex tachycardia. Therefore, �-blockers
are useful alone or as adjuncts to vasodilator therapy in patients
with thoracic aortic aneurysms or dissections. Target heart rate
for most patients is between 60 and 80 bpm. Commonly used
perioperative �-blockers are shown in Table 78.2.

Anticipating bleeding and transfusion requirements
Particularly for patients presenting with acute aortic emergen-
cies, in addition to establishing adequate large-bore intravenous
access, the blood bank should be notified regarding the poten-
tial for substantial blood loss. Initially, 8 to 10 U of packed
red blood cells (PRBCs) should be crossmatched for repair of
acute aortic dissections, other potential aortic leak or rupture,
or descending thoracic aortic aneurysms. Crossmatching 2 to
4 U of PRBCs may be adequate initially for elective aneurysm
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Table 78.1. Common IV vasodilators used to control hypertension

Drug Common dosages Comments

Sodium nitroprusside Start infusion at 0.5–1.0 µg/kg/min and titrate to effect
Cyanide toxicity has occurred with doses of 8–10
µg/kg/min

Rapid onset and offset. Vasodilates both arterial and venous smooth
muscle. Central administration is ideal, but can be administered
through a large peripheral IV line.

Nitroglycerin Typical infusion range is 1.0–4.0 µg/kg/min Rapid onset and offset. Less potent than sodium nitroprusside. May
be particularly helpful in settings in which aortic dissection affects
coronary arterial flow, as blood flow may be somewhat improved
with coronary vasodilation.

Fenoldopam Start infusion at 0.05–0.1 µg/kg/min and titrate to effect
to a maximum dose of 0.8 µg/kg/min

Selective D1 dopamine receptor agonist with little affinity for D2
dopamine or other adrenoreceptors. Although fenoldopam results in
dilation of many vascular beds, it may have some renal-protective
benefits related to increasing renal blood flow.

Nicardipine Typical infusion range is 5.0–15.0 mg/h and can be
titrated to effect; also may be administered as an IV bolus
(usually 0.5–2.0 mg)

A dihydropyridine calcium channel blocker that inhibits calcium
influx into vascular smooth muscle, thereby causing vasorelaxation. It
is marketed as having more selectivity for cerebral and coronary
arteries than the other dihydropyridines.

repair of the arch or ascending aorta. Blood warmers and rapid
transfusion setups should be ready to use in the OR. Arrange-
ments for intraoperative autologous blood salvaging, such as a
Cell Saver (HaemoneticsCorp., Braintree,MA), should be coor-
dinated if possible.

Risk of significant bleeding with thoracic aortic surgeries
appears to result frommultiple factors. In a series of 20 patients
with unruptured abdominal aortic aneurysms reported by Bal-
duini et al., platelets were activated in all patients and signs of
platelet consumption were present in most patients preopera-
tively. In another series reported by Fisher et al. in 32 patients
scheduled for elective thoracoabdominal aneurysm repair, 9%
of the patients had frank disseminated intravascular coagula-
tion, whereas 14% had elevated fibrin degradation products
without evidence of consumptive coagulopathy. These find-
ings suggest that patients with thoracic aortic disease may have

subtle preoperative coagulopathy. Coagulopathy is thought to
worsen in thoracic aortic surgeries requiring extracorporeal
circulation, such as cardiopulmonary bypass (CPB) or left
heart bypass. Although these bypass circulation techniques can
improve systemic perfusion during aortic repair, they often
require anticoagulation (generally with heparin) and also may
stimulate inflammatory responses, consumptive coagulopathy,
and increased fibrinolysis. Bleeding may also be exacerbated
by deep hypothermic circulatory arrest (DHCA), which is con-
ducted in patients requiring aortic arch surgery andmay require
blood temperatures as low as 16◦C to 18◦C. Such profound
hypothermia may be associated with significant platelet dys-
function. In patients undergoing surgical repair of thoracoab-
dominal aneurysms, massive blood loss may occur, particularly
from back-bleeding through intercostal vessels. Liver ischemia
related to aortic cross-clamping above the celiac axis may also

Table 78.2. Commonly used β-adrenergic receptor antagonists (β-blockers)

Drug Common dosages Comments

Propranolol Start with IV bolus of 1 mg, but total doses as high as 8 mg may be
required to achieve adequate heart rate control

Nonselective β-adrenergic receptor antagonist (β1 and β2) that has
been used for many years in the setting of aortic dissection to slow
heart rate. However, propranolol use is now often supplanted by
β1-selective adrenergic receptor antagonists (see below). The
half-life of the main metabolite of propranolol is 5–7 h, so
shorter-acting agents should be considered in patients who are
hemodynamically labile.

Labetalol Loading doses can be administered IV, with initial doses of 5–10 mg.
Loading doses should subsequently be doubled approximately every
10 min (up to a maximum total dose of 300 mg) until target heart
rate and blood pressure are achieved. Once target heart rate and
blood pressure are achieved by IV loading doses, a continuous
infusion may be initiated at 0.5–2 mg/min, or the patient may be
redosed with small IV boluses approximately every 30 min.

Provides a combination of α1-, β1-, and β2-adrenergic receptor
antagonism, and thus can be administered as an alternative to a
combination of sodium nitroprusside and β-blocker. The
disadvantage of the labetalol approach to blood pressure and heart
rate control for aortic dissections is a longer time to onset of desired
blood pressure effect and less ease of rapid titration than seen with
strict vasodilators.

Esmolol Bolus IV loading dose of 500 µg/kg over 1 min, then initiate IV
infusion at 50 µg/kg/min titrated to effect up to a maximum infusion
of 300 µg/kg/min

β1-Selective adrenergic receptor blocker with rapid onset and short
duration of action. Its β1 selectivity makes it favorable for patients
who are prone to bronchospasm. Its short half-life makes it easy to
titrate and to terminate if a patient develops bronchospasm or
becomes hemodynamically unstable.

Metoprolol Typical initial IV bolus dose of 2.5–5.0 mg; may be repeated every
5–15 min up to a maximum total dose of 20 mg to achieve target
heart rate

β1-Selective adrenergic receptor blocker with longer duration of
action than esmolol, so it can be administered effectively without
continuous infusion
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worsen bleeding. In addition to red blood cells, the need for
potential clotting factor and platelet replacement should be
anticipated.

Overview of the surgical objectives
for repairing the thoracic aorta
Theprimary surgical objective for managing acute aortic injury
(dissection, ruptured aneurysm, or transection) is to occlude
blood flow just proximal and distal to the aortic injury to pre-
vent fatal hemorrhage. The next objective is to restore arterial
blood flow tomajor end organs that are perfused by aortic arte-
rial branches and to repair or replace the region of diseased
aorta so that normal antegrade blood flow can resume through
the aorta with the ability to provide adequate perfusion to the
brain, spinal cord, gut, kidneys, and other tissues.

Aortic aneurysms generally are repaired surgically by
replacing the entire length of diseased aorta with synthetic tube
graft.Major arterial branches off the replaced aortic segment are
individually reimplanted into the synthetic replacement graft,
although with aortic arch replacements, an “island” of native
aortic tissue containing the ostia for the innominate and the
left carotid and subclavian arteries may be reanastomosed to
the replacement graft to reduce surgical time. Surgical repairs of
thoracic aortic dissections have a somewhat different approach,
because often only the region of dissected aorta that actually
contains the dissection entry point or intimal tear is replaced
with a synthetic interposition graft. The entire length of dis-
sected aorta is generally not replaced; rather, with entry into the
false lumen of the dissected aorta now surgically closed, further
entry of aortic blood flow into the false lumen should not be
possible.The idea is that once continuity of flow is reestablished
into only the true aortic lumen, the false lumen will eventually
compress and thrombose. In cases of acute aortic transection,
the disrupted aortic region is resected, then the aorta is reap-
proximated to itself. If it is not possible to reanastomose the
native aorta to itself, a short interposition graft may be placed.

General anesthetic objectives for repairing
the thoracic aorta
In concert with primary surgical objectives to control or pre-
vent aortic hemorrhage and to maintain adequate end-organ
perfusion, the anesthesiologist must adequately volume resus-
citate patients and monitor and manage the hemodynamics
so as to avoid triggering aortic rupture or dissection exten-
sion (if they have not already occurred). Anesthesiologists also
must take additional measures tomonitor and protect the func-
tion of organs such as the spinal cord and kidneys that receive
blood supply from affected aortic regions. In some emer-
gency situations, massive volume resuscitation may already be
underway as the patient enters the OR. To formulate the best
overall anesthetic plan for the patient undergoing thoracic
aortic surgery, the anesthesiologist should be as aware of
significant patient comorbidities as the urgency of surgical

presentationwill allow. Patients commonly have significant car-
diovascular and pulmonary comorbidities, as well as diabetes
and renal insufficiency. It is also extremely important for the
anesthesiologist to clearly communicate with the surgical team
to understand (1) exactly which regions of the aorta are pre-
sumed to be involved and (2) how the surgeons plan to approach
aortic repair with regard to both the incision site and extracor-
poreal circulation. As is discussed in detail in the remaining
sections of this chapter, these factors have many important
implications for anesthetic planning, including where to place
arterial lines, what choices to make for other invasive and non-
invasive monitoring, the need for lung isolation, and anticipa-
tion of blood loss.

Before inducing anesthesia, the anesthesiologist must fol-
low the basic tenets of airway assessment and consideration of
a plan to reduce the risk of aspiration. Many patients present as
emergencies with a presumed full stomach. In these situations
the risk of using rapid-sequence induction, with its associated
swings in hemodynamics, must be balanced against the aspira-
tion risk with a “modified” rapid-sequence induction, in which
a slower IV induction is conducted in conjunction with gentle
manual ventilations donewhile cricoid pressure is held. Because
hemodynamic swings are common with laryngoscopy, drugs
such as nitroglycerin and esmolol should be readily available
during intubation. Ideally, an arterial line is placed and mon-
itored prior to induction of anesthesia. In conscious patients,
administration of a nonparticulate antacid should also be con-
sidered before induction.

Prior to placing an arterial line for direct blood pressure
monitoring, thought should be given to the location of the aor-
tic pathology. Central venous access is useful in all thoracic aor-
tic surgeries to effectively administer inotropes, vasopressors,
and vasodilators as needed. Pulmonary artery catheters, par-
ticularly those that can monitor continuous cardiac output and
mixed venous oxygen saturation, may provide useful perioper-
ative guidance in the setting of hemodynamic lability and vol-
ume shifts, particularly in patients with substantial concurrent
cardiopulmonary or renal disease. Transesophageal echocar-
diography (TEE) also can offer significant direction for
intraoperative management. Complementing its preoperative
diagnostic capability, TEE is helpful for determining aortic
valve involvement, assessing left ventricular function and fill-
ing during periods of aortic cross-clamping and unclamping,
locating intimal tears and fenestrations within dissection flaps,
and discerning whether aortic flow appears to have ceased in
the false lumen after dissection repair.

Specific considerations for ascending aortic
or aortic arch surgery
Arterial blood pressure monitoring and cannulation
for cardiopulmonary bypass
Aneurysms involving the aortic root, proximal aorta, or aortic
arch, as well as Stanford type A aortic dissections, are typically
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repaired through a midline sternotomy incision with use of full
CPB. If aortic pathology involves the innominate artery, a left
radial or femoral arterial line should be placed.This is also true
if right axillary cannulation is anticipated, because in this set-
ting, right radial arterial line blood pressure readings will be
inaccurate during CPB. In situations in which the aortic arch
needs to be repaired and prolonged DHCA is anticipated, the
surgeon may wish to administer antegrade cerebral perfusion
through a right axillary arterial cannula andmay wish to moni-
tor pressure during administration of antegrade cerebral perfu-
sion through a right radial arterial line. In this situation, a right
radial arterial line, as well as a left radial or femoral arterial line,
should be placed to allow accurate blood pressure monitoring
while on CPB. It is important to make the OR team aware of
which arterial line tracing is displaying accurate systemic blood
pressure during CPB and which one should be used to moni-
tor antegrade cerebral perfusion during DHCA. Stanford type
A dissectionsmay extend into the iliac and femoral arteries, and
the possibility of inadvertently monitoring false lumen blood
pressures with a femoral arterial line should be considered in
this scenario.

Repairs isolated to the aortic root or proximal ascending
aorta may permit both cannulation and cross-clamping of an
area of nondiseased aorta proximal to the aortic arch. This
approach allows the aorta to be repaired on CPB with a blood-
less surgical field and concurrent perfusion of the brain and
other organs. Arterial cannulation for CPB also may occur in
the axillary or femoral arteries, possibly improving surgical
exposure for ascending aortic repair.

For surgical repairs involving the aortic arch, a bloodless
surgical field cannot be established for portions of the repair
with the patient on CPB. Therefore, CPB is initiated by cannu-
lating aneurysmal or normal portions of the ascending aorta, or
the axillary or femoral arteries, but patients must undergo peri-
ods of cessation of CPB after the heart is arrested for the arch to
be repaired. In this scenario, the patient is placed on CPB and
is typically aggressively cooled prior to conducting repair of the
arch with DHCA. Venous cannulation for CPB is often in the
right atrium for both ascending aortic and arch surgeries; how-
ever, if the surgeon is concerned that view of the aneurysm will
be obstructed or that the aneurysm is too large to allow easy
access to the right atrium, a femoral vein can be cannulated.

Cerebral protection strategies
Hypothermia is an important cerebral protection strategy,
as it markedly reduces the cerebral metabolic rate of oxy-
gen consumption. Mild to moderate hypothermia on CPB
is typically desirable for ascending aortic aneurysm repairs.
However, deliberate intraoperative hypothermia is particularly
valuable for surgeries involving the aortic arch, as these oper-
ations require transient interruption of cerebral blood flow,
increasing a patient’s risk for postoperative stroke and neu-
rocognitive dysfunction. For aortic arch repairs, profound
hypothermia is established on CPB (core temperature of

15◦C–20◦C) prior to circulatory arrest (DHCA). In this tem-
perature range, a DHCA period of � 40 minutes is generally
considered “safe” for the brain. The degree of cooling depends
on the anticipated duration of DHCA. During the CPB cool-
ing period prior to DHCA, the heart is arrested and ice is often
placed around the patient’s head in an effort to more uniformly
cool the brain. To avoid thermal injury, care should be taken to
avoid direct contact between ice and the ears and nose.Once the
target patient temperature for DHCA is reached for the venous
return to the CPB circuit, CPB at this temperature should con-
tinue until the patient’s nasopharyngeal temperature (reflective
of brain temperature) is equally cool. Either raw or processed
electroencephalogram (EEG)monitoring is often used to verify
an isoelectric cerebral state before initiating DHCA. In addi-
tion to using hypothermia to establish an isoelectric EEG, a
barbiturate such as thiopental is sometimes also administered
a few minutes prior to initiating DHCA to further decrease the
cerebral metabolic rate. To promote cerebral protection, other
pharmacologic measures, including administration of steroids
or mannitol (to reduce perioperative cerebral swelling) or mag-
nesium, are sometimes taken prior to initiating DHCA, but
there are no strong data to support the efficacy of these mea-
sures. Following DHCA, slow rewarming is essential to evenly
rewarm the patient’s core and periphery; this will better allow
the patient to remain warm once separated fromCPB, reducing
the risk of postoperative bleeding. Slow rewarming also avoids
cerebral hyperthermia, which may exacerbate cerebral injury.

To enhance the cerebral protection provided by hypother-
mia alone during blood flow cessation for aortic arch repair
(particularly for complex repairs for which the DHCA period is
anticipated to be longer than 40minutes), selective anterograde
or retrograde cerebral perfusion techniques may be employed.
Both strategies involve infusion of cold oxygenated blood to the
brain. Selective anterograde cerebral perfusion is often admin-
istered through a right axillary arterial cannula, with infusion
pressure monitored via a right radial arterial line. However,
antegrade cerebral perfusate can also be administered directly
into the innominate or carotid arteries. Assuming an intact
circle of Willis, administering antegrade cerebral perfusate
through one arch vessel should provide perfusion to both the
ipsilateral and contralateral cerebral hemispheres. Retrograde
cerebral perfusion is easily conducted immediately after DHCA
is initiated by infusing perfusate through the superior vena cava
while the patient is in slight Trendelenburg position.

Specific considerations for descending
thoracic or thoracoabdominal aortic surgeries
One-lung ventilation
Repair of descending thoracic or thoracoabdominal aneurysms
typically is conducted through a left thoracotomy incision with
the patient positioned in full right lateral decubitus position. To
optimize surgical exposure, the anesthesiologist usually is asked
to ventilate only the right lung during the thoracic portion of the
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repair.The trachea and leftmain bronchusmay be anatomically
distorted in patients with large ascending aortic aneurysms.
Placement of a double-lumen endotracheal tube should be
done gently to minimize risk of rupturing the aneurysm. Addi-
tionally, left-sided double-lumen tubes may be difficult to seat
effectively in the leftmain bronchus.Therefore, some anesthesi-
ologists prefer to place right-sided double-lumen tubes for these
operations. For patients potentially difficult to intubate, plac-
ing an endobronchial blocker may be preferable to a double-
lumen tube, as this avoids the need to change the double-lumen
tube to a single-lumen tube at the end of the surgery. This is
important, as descending thoracic surgeriesmay be lengthy and
require massive volume resuscitation, factors that both may
cause significant airway edema that may make endotracheal
tube changes difficult.

Surgical approaches to distal aortic perfusion
One approach to descending thoracic aneurysm repair is to
cross-clamp the aorta proximal and sometimes distal to the
affected aorta and to conduct subsequent aortic repair as
quickly as possible without taking additional measures to pro-
vide distal aortic perfusion.This approach has the advantage of
not requiring heparin for extracorporeal circulation,whichmay
increase surgical bleeding, but has the disadvantage of increased
incidence of hypertension proximal to the aortic cross-clamp,
as well as hypotension in the distal aorta and its branches.
With this simple cross-clamp technique, the anesthesiologist
must prepare to treat proximal hypertension with short-acting
vasodilators such as nitroglycerin or sodium nitroprusside to
prevent acute congestive heart failure instigated by high left
ventricular afterload. Perioperative physicians also should be
aware that any prolonged period of distal aortic hypotension
presents an increased potential for gastrointestinal, renal, or
spinal cord ischemia.

To mitigate the proximal aortic hypertension and distal
hypoperfusion that occur with the simple aortic cross-clamp
technique, some surgeons use shunts whereas others use extra-
corporeal circulation to divert aortic blood flow from proxi-
mal to the aortic cross-clamp to more distal aortic regions. The
Gott shunt is heparin bonded, so generally it does not require
additional systemic heparinization. However, these shunts have
very small internal diameters (5–6 mm), limiting the degree of
decompression and augmentation that can occur for the prox-
imal and distal aorta, respectively. Furthermore, these shunts
sometimes can kink. Traditional CPB can be employed with
full systemic heparinization and typically is used for descend-
ing thoracic aneurysm repairs that will require DHCA because
of involvement of the proximal descending aorta or the aor-
tic arch. Full heparinization increases bleeding complications,
particularly within the left lung, as this lung is often subjected
to surgical manipulation and incidental trauma during repair
of the descending thoracic aorta. Traditional full CPB also
involves a heat exchanger, which decreases the risk of perioper-
ative hypothermia. Leftheart bypass is often used during repairs

of the descending thoracic or thoracoabdominal aorta that are
distal to the take-off of the left subclavian artery. Left heart
bypass does not require an oxygenator, so required hepariniza-
tion is typically less than that for full CPB. A heat exchanger
may be added to the left heart bypass circuit for cases antici-
pated to be lengthy and thus at higher risk for hypothermia and
related bleeding. Left heart bypass diverts blood from the left
atrium, left ventricular apex, or left axillary artery to the dis-
tal aorta or femoral artery. The rate of blood flow through the
left heart bypass circuit should be titrated according to arterial
blood pressure monitoring above and below the aortic cross-
clamp, and should be slowed as needed to preferentially provide
adequate perfusion of the proximal aorta.

Spinal cord protection
Anterior spinal cord ischemia with resultant paraplegia is a
major complication of open repairs of descending thoracic and
thoracoabdominal aneurysms. In this scenario, motor function
typically is lost but the patient may have some sensation. This
complication is caused by compromised blood flow through the
anterior spinal artery (the major blood supply to the anterior
spinal cord) during aneurysm repair, particularly if this occurs
for more than 30 minutes. Significant spinal cord ischemia
is more likely to occur if collateral blood flow through ves-
sels such as the intercostal arteries also is compromised dur-
ing aortic repair. The vertebral arteries fuse to become the
anterior spinal artery, and as the anterior spinal artery trav-
els down the spinal cord, it collateralizes with the radicular
branches of the intercostal arteries. In many patients, one of
these radicular branches, often called the great radicular artery
of Adamkiewicz, arises at the T8–L4 spinal cord levels and sup-
plies blood to a major portion of the anterior spinal cord (Fig.
78.1). Unfortunately, this vessel is difficult to locate preopera-
tively with angiography or during surgical inspection.

Several methods have been tried to prevent hypoperfusion
of the spinal cord and resulting paraplegia during repair of
the descending thoracic aorta. As mentioned previously, some
groups use a passive shunt or extracorporeal bypass to provide
some distal aortic blood flow to the mid and lower spinal cord
or other end organs. However, although logical, the efficacy of
this approach is controversial, as a study conducted by Coselli
et al. at a center performing a large volume of descending aortic
repairs found that left heart bypass did not reduce that center’s
incidence of perioperative paraplegia. However, a randomized
controlled trial conducted by Coselli et al. at the same center
supports the efficacy of perioperative cerebral spinal fluid (CSF)
drainage through a lumbar spinal drain in preventing paral-
ysis. At many centers, the lumbar spinal drain is placed pre-
operatively by anesthesiologists. Commercially available spinal
drain catheter kits are available. The technique for placement
is similar to lumbar epidural catheter placement at the L3–4
or L4–5 interspaces, but larger-diameter hollow needs are typ-
ically used to thread the catheter (12 gauge), and the needle is
advanced through the epidural space and into the subarachnoid
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Figure 78.1. Blood supply of the spinal cord. (A) Vertical distribution and (B) horizontal distribution of the blood supply. Branches of the vertebral, deep cervical,
intercostal, and lumbar arteries contribute to three arteries that run the length of the spinal cord: the anterior spinal and the two posterior spinal arteries. The
anterior spinal artery arises at the level of the foramen magnum by the junction of two branches, one from each vertebral artery. Each posterior spinal artery arises
from the posterior inferior cerebellar artery at the same level. Twenty-one pairs of segmental radicular arteries supply the nerve roots and about half of them
contribute to the spinal arteries. Of these larger branches, the largest is the great anterior radicular artery of Adamkiewicz (radicularis magna), which supplies the
lower thoracic and upper lumbar parts of the cord. It usually arises from a lower intercostal or a high lumbar artery but may arise as low as L4 or as high as T8.
Because it makes a major contribution to the spinal cord blood supply, spinal injury or aortic surgery may compromise the blood supply of the lower part of the
spinal cord. Although the other segmental radicular arteries are small, their contributions to the anterior and posterior spinal arteries are important.

space before the lumbar drain catheter is threaded. The lum-
bar spinal drain is then connected to a manometer and col-
lection bag (Fig. 78.2). The rationale for CSF drainage is that
decreasing the external pressure applied to the spinal cord by
surrounding CSF will permit increased arterial perfusion of the
spinal cord. Spinal cord perfusion pressure (SCPP) can bemon-
itored by using the lumbar spinal drain to transduce CSF pres-
sure around the spinal cord. The equation for SCPP is mean
systemic arterial pressure (MAP)minus CSF pressure or central
venous pressure (whichever is higher). Some experts suggest
maintaining the intraoperative CSF above 10 mm Hg to pre-
vent intracranial hypotension and potential related complica-
tions, such as subdural hematoma formation. Additionally, one
must monitor for potential lumbar epidural hematoma forma-
tion and resultant spinal cord compression at the spinal drain
insertion site, particularly in cases that require full systemic

heparinization or otherwise involve extended periods of peri-
operative coagulopathy. There is no clear evidence-based tim-
ing for when spinal drains should be removed postoperatively,
but Coselli et al. have reported removing the drains approxi-
mately 48 hours after surgery and replacing the drains if delayed
paraplegia occurs. Care should be taken to normalize the
patient’s coagulation profile prior to placing or removing spinal
drains.

If paraplegia is noted in the postoperative period, attempts
to reverse it by improving SCPP involve increasing MAP phar-
macologically or with volume resuscitation in conjunction with
increasing CSF drainage. During the surgery itself, such strate-
gies may also be used if spinal cord hypoperfusion is suspected.
Some centers try to detect anterior spinal cord function indi-
rectly or directly during periods of potential hypoperfusion by
monitoring somatosensory evoked potentials (SEPs) or motor

490



Chapter 78 – Anesthetic Considerations for Surgical Repair of the Thoracic Aorta

Figure 78.2. Intraoperative CSF drainage during thoracoabdominal aortic
repair.

evoked potentials (MEPs), respectively. SEPsmonitor the brain-
stem and cerebral cortex response to peripheral nerve stimula-
tion and therefore directly reflect performance of the posterior
sensory columns in the spinal cord. However, the assumption is
that if the posterior spinal cord is affected, the anterior spinal
cord very likely is underperfused as well. Various anesthetic
agents, such as volatile anesthetics, may affect the latency and
amplitude of SEPs, so the anesthetic planmust be designedwith
careful communication with the neuromonitoring team. Sev-
eral centers have successfully monitored MEPs to gauge ante-
rior spinal cord compromisemore directly. AlthoughMEPs can
reflect the integrity of the anterior motor horns, transcranial
stimulation of the motor cortex is required during thoracic aor-
tic surgery and therefore is an approach that is cumbersome and
requires considerable expertise. This approach also may trigger
seizure activity.

Conclusions and future directions
Anesthesiologists must have a full appreciation for the wide
spectrum of issues associated with urgent or emergent surgi-
cal repair of the thoracic aorta to provide optimal perioperative
management for these surgeries. The past several decades have
seen significant developments in both surgical and anesthetic
practice that have improved patient morbidity and mortality
from surgical repair of the thoracic aorta. Progression in the
arena of less invasive endovascular stent repairs of the thoracic
aorta has shown great promise. In addition, continued research
efforts directed at understanding the acute physiologic changes
encountered with interruption of aortic blood flow should aid
in development of measures to reduce end-organ damage from
associated ischemia or reperfusion.
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79 Cardiac transplantation in the adult
Martina Nowak, Prem S. Shekar, and Michael N. D’Ambra

Cardiac transplantation is the therapeutic procedure of choice
for end-stage heart failure patients. Since South African
Christiaan Barnard performed the first allogenic orthotopic
(human-to-human) heart transplant in 1967, advances in
immunosuppression, early diagnosis, and treatment of rejec-
tion and infection have transformed a once experimental inter-
vention into routine treatment.

Nevertheless, heart transplantation in the United States has
declined over the past 10 years, leveling at approximately 2200
per year in 2007, mainly because of limited donor organ avail-
ability.

The vast majority of patients referred for cardiac transplan-
tation suffer from New York Heart Association class III or IV
symptoms and carry a diagnosis of ischemic heart disease or
idiopathic dilated cardiomyopathy.

After heart transplantation, 30-day mortality ranges from
5% to 10%, with primary graft failure being the most frequent
cause of early death. The 1-year survival rate approximates
80%, with an annual mortality rate of 4% for subsequent years.
The most common causes of death in the first 6 months are
infection and/or rejection. Accelerated coronary artery disease,
allograft vasculopathy, chronic rejection, and posttransplant
lymphoproliferative disease are causes of late mortality.

Donor selection andmatching
A potential donor is declared brain dead by a medical team
that had not been involved in the donor’s or recipient’s care.
Donors are screened and evaluated by the local organ pro-
curement agencies, and donor organs are made available to
potential recipients via the United Network of Organ Sharing
(UNOS).The accepting transplant center may then evaluate the
suitability of the allograft. (See Table 79.1 for complete donor
selection criteria.) The donor is matched to the prospective
recipient for ABOblood type compatibility and heart size (HLA
matching has not shown to improve survival but is still done in
some centers). A donor heart size within 20% of the recipient’s
is preferable. If the recipient has elevated pulmonary vascular
resistance (PVR), the increased right ventricular (RV) afterload
will require a larger RV muscle mass, which will necessitate a
larger donor heart. Care must be taken not to oversize the heart
for recipients with acute myocardial infarction or a ventricular
assist device (VAD).

Anesthesia management issues
for heart transplant donors
Donors normally exhibit major hemodynamic and metabolic
disturbances, the main causes of which are hypovolemia (sec-
ondary to diuretics or central diabetes insipidus), myocardial
impairment (as a result of major catecholamine release during
periods of increased intracranial pressure), and insufficient
sympathetic tone secondary to absence of brainstem func-
tion. Neurogenic ST-T–wave changes, as well as neurogenic
arrhythmias, are possible. Volume administration and inotropic
support should be guided by invasive monitoring and trans-
esophageal echocardiography if available. Hemodynamic goals
are a mean arterial pressure of 80 to 90 mm Hg, central venous
pressure (CVP) of 5 to 12 mm Hg, urine output � 100 ml/h,

Table 79.1. Donor selection for cardiac transplantation

Suggested criteria for cardiac donor
Age < 55 y
Absence of the following:

Prolonged cardiac arrest
Prolonged severe hypotension
Preexisting cardiac disease
Preexisting pulmonary hypertension (unresponsive to
pharmacologic intervention) with PVR > 5 Wood units and
transpulmonary gradient > 15 mm Hg

Intracardiac drug injection
Severe chest trauma with evidence of cardiac injury
Septicemia
Extracerebal malignancy
Positive serologies for HIV, hepatitis B or C
Hemodynamic instability without high-dose inotropic support

Cardiac donor evaluation
Medical history and physical examination
Electrocardiogram
Chest radiograph
Arterial blood gases
Laboratory tests (ABO, HIV, hepatitis B and C virus)
Cardiology consultation (echocardiogram, coronary angiogram)

Source: Data based on information extracted from the following
sources:
Cohn LH, Edmunds LH. Cardiac Surgery in the Adult. 2nd ed. New York:
McGraw-Hill; 2003. Hosenpud JD, Bennett LE, Keck BM, et al. The Reg-
istry of the International Society for Heart and Lung Transplantation:
Eighteenth Official Report-2001. J Heart Lung Transplant 2001; 20:805.
Kaplan JA, Reich DL, Konstadt SN. Cardiac Anesthesia. 4th ed. Philadel-
phia: Saunders; 1999.



Chapter 79 – Cardiac Transplantation in the Adult

and normal serum electrolyte levels and arterial blood gas val-
ues. Vasopressin administration (0.8–1.0 U/h) might become
necessary to limit volume loss from diabetes insipidus. Admin-
istration of anesthetic agents to the donor is controversial but
recommended to blunt systemic stress responses mediated by
functional components of the brainstem, spinal cord, and sym-
pathetic and parasympathetic nervous systems.

Myocardial protection of the donor heart
Thedonor heart is usually protected with University ofWiscon-
sin (UW) cold crystalloid hyperkalemic cardioplegia during the
cardiectomy.The organ is then transported in two sterile plastic
bags filledwith ice-coldUWsolution and carried in an ice chest.
The present limit for ex vivo ischemia time is approximately
4 to 6 hours, but new technology to prolong this limit beyond
24 hours is in clinical trials. Prolonged cold ischemia time in
conjunction with acute reperfusion injury may lead to tissue
necrosis with a fatal outcome, most commonly manifested by
RV failure.

Selection and preanesthesia assessment
of the recipient
Thebasic objective of the selection process is to identify patients
with end-stage cardiac disease refractory to medical therapies
who possess the potential to resume a normal active life and
maintain compliance with a rigorousmedical regimen after car-
diac transplantation.

Each candidate awaiting cardiac transplantation is assigned
a status code based on UNOS criteria that corresponds to how
medically urgent the transplant is:
IA: A patient who has at least one of the following in place:

Total artificial heart
Left and/or right ventricular assist device (LVAD/RVAD; Elective 1A time

for 30 days)
Intra-aortic balloon pump
Extracorporeal membrane oxygenator
Mechanical circulatory support for more than 30 days with significant

device-related complications
Mechanical ventilation
Continuous infusion of two high-dose inotropes in addition to continuous

hemodynamic monitoring of left ventricular filling pressures
Life expectancy without transplant of � 7 days

IB: A patient who has at least one of the following devices or
therapies in place:

LVAD and/or RVAD
Continuous infusion of intravenous (IV) inotropes not meeting the preced-
ing criteria

II: All other waiting patients who do not meet Status Code IA
or IB criteria.

Because the preoperative period is often marked by critical
time constraints, a focused history including last oral intake,

allergies, recent anticoagulant use, recent change in ventric-
ular function, and/or anginal symptoms should be obtained.
Physical examination should focus on cardiopulmonary signs
of congestive heart failure, airway and access issues, and vol-
ume status. A preoperative chest radiograph, as well as a labora-
tory review, should be examined by the anesthesiologist. Many
patients will be admitted on warfarin with therapeutic interna-
tional normalized ratio levels, and the anesthetic plan will need
to address anticoagulation reversal.

Once the organ procurement team has confirmed the
acceptability of the donor allograft, the recipient inductionmay
begin. Timing (which is routinely controlled by the harvesting
team) is crucial to minimize allograft ischemic time and recipi-
ent bypass time. Ideally, the recipient cardiectomy is completed
concurrent with the arrival of the cardiac allograft. Catheter
placements may be difficult and prolonged because of previ-
ous surgery, catheterizations, interventions, and medical care.
Be sure to communicate anticipated line placement difficulties.

Anesthesia management of the recipient
The heart transplant recipient is usually very anxious and
requires reassurance. If an extended wait is required in the
operating room (OR) before induction, consider allowing the
patient to use a phone in the OR to speak with close fam-
ily and significant others. In addition to standard noninva-
sive monitors, placement of an arterial catheter is required
to facilitate a rapid response to hemodynamic events during
induction. Symptomatic ventricular tachycardia or fibrillation
is the most common cause of sudden cardiac death in patients
awaiting heart transplantation and is most common within
the first 3 months after referral for transplantation. Therefore,
many patients will have an automatic implantable cardioverter–
defibrillator (AICD) in place and/or a history of amiodarone
use. For that reason, external defibrillation patches are placed
before induction. It is important to knowwhat the device setting
is for external magnet placement (usually turns off arrhythmic
therapy and maintains pacing at a default setting).

Most patients should be considered “full stomach.” There-
fore, a rapid-sequence induction technique using agents with
minimal myocardial depression (etomidate 0.3 mg/kg) and a
moderate dose of opioids (fentanyl 10 �g/kg) as well as suc-
cinylcholine (1.5 mg/kg) have been used successfully. Inotropic
and vasoactive agents should be readily available for the
rapid management of induction-induced hypotension and/or
arrhythmias. Pre- or postinduction central venous access is
obtained (preferably avoiding right internal jugular vein can-
nulation, which will be used for frequent endomyocardial biop-
sies postoperatively). A pulmonary artery (PA) catheter can be
placed into an introducer, but floating the PA catheter into cor-
rect position may be difficult because of cardiac chamber dila-
tion, severe tricuspid regurgitation, VAD cannulae, and AICD
hardware. Because the PA catheter will bewithdrawn to implant
the new heart, it is not a major problem to leave the catheter
in the CVP position before cardiopulmonary bypass (CPB).
Large-bore IV access ismandatory.Meticulous attention should
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be paid to sterile technique during all invasive procedures, as
these patients are at high risk for postoperative infection, which
remains a serious cause of postoperative mortality. A first-
generation cephalosporin or vancomycin is administered prior
to skin incision.

Anesthesia is maintained with high-dose narcotics and
volatile anesthetics. Cross-matched blood (irradiated) should
immediately be available once surgery commences. Prior to
CPB, the PA catheter should be withdrawn from the right heart
and secured in its sterile sheath. It will be refloated after com-
pletion of the venacaval anastomoses prior to coming off CPB.
Arterial and venous CPB cannulation is performed depending
on the surgical technique (see Chapter 73). Aminocaproic acid
currently is the antifibrinolytic of choice.

Weaning from CPB may be difficult and prolonged because
of acute RV failure, bleeding, and/or hemodynamic instabil-
ity. The initial bradycardia encountered post bypass should be
treated with an infusion of a positive chronotropic agent (iso-
proterenol or dopamine) or atrial pacing to achieve a heart rate
between 90 and 110 bpm. Patients with elevated PVR are at
risk for acute RV failure and may benefit from the preemptive
use of a low-dose pulmonary vasodilator such as prostaglandin
E1 (0.125–1.0 nanograms/kg/min) during the period of CPB or
inhaled nitric oxide. Transesophageal echocardiography (TEE)
can provide immediate information about right and left heart
function and filling volumes and also assess for restricted anas-
tomotic flow.

Frequently, hemostasis is problematic, and appears related
to suppression of clotting factors often exacerbated by preop-
erative warfarin therapy, Preprotamine warfarin reversal with
fresh frozen plasma (FFP) in the CPB circuit may be helpful if
the patient is fully anticoagulated upon arrival to the OR. Com-
monly, FFP, cryoprecipitate, platelets, and, in severe post-CPB
hemorrhage, recombinant factor VIIa are administered to nor-
malize coagulation.

Orthotopic heart transplantation
Operative techniques in the recipient are shown in Fig. 79.1.

The surgery begins with a median sternotomy. Frequently,
patients will have undergone prior cardiac surgeries. In this
case, the groin is prepared and draped to provide rapid access
for cannulation to initiate CPB if necessary. The aorta is can-
nulated as distally as possible, and the superior vena cava and
inferior vena cava are cannulated separately. After aortic cross-
clamping, the aorta and PA are separated and divided just above
the level of their respective valves, and the atria are transected
at their grooves.

A complete excision of the right atrium with bicaval anasto-
moses is the practiced variant of the classic technique described
previously and is reported to reduce the incidence of atrial dys-
rhythmias, better preserve cardiac function by avoiding tricus-
pid regurgitation, and enhance cardiac output by enhancing
right atrial function.

The donor graft is then implanted beginning with the
left atrial anastomosis, followed by the aorta. The aortic

cross-clamp can be removed while the right-sided anastomoses
are carried out. The heart is meticulously de-aired using TEE
guidance and then weaned from CPB.

Transesophageal echocardiography
A complete TEE examinationmay be performed post induction
and often reveals useful information not immediately available
from other sources, such as the presence of cardiac thrombi,
ventricular volume and contractility, and atherosclerosis of the
descending aorta. To assess the ascending aorta and the aortic
arch for appropriate cross-clamp and cannulation sites, epicar-
dial echocardiography is performed.

Posttransplant management
and complications
In the past, a total reverse-isolation environment was main-
tained in the intensive care unit, but this practice has been
replaced by universal precautions. Postoperative monitoring is
the same as for all open heart patients.Mechanical ventilation is
generally required for up to 24 hours, but extubation is accom-
plished as soon as possible to minimize infection. Meticulous
sterility of all intravascular catheters, suction catheters, and
equipment connected to the respirator is maintained. Immuno-
suppressive therapy is continued. Inhaled nitric oxide can be
used to decrease PVR in the face of RV compromise. Severe RV
dysfunction refractory to medical therapies may require place-
ment of a mechanical assist device (e.g., RVAD).

The primary etiology for posttransplant RV failure is an
increased PVR frompreexisting left heart failure.These changes
in the pulmonary vasculature are not totally fixed andmay nor-
malize with time.

Mediastinal reexploration for bleeding may be required in
the immediate postoperative period. Most patients exhibit a
mild deterioration in renal and hepatic function, as determined
by blood chemistries.

Rejection and antirejection strategies
Hyperacute rejection results from preformed donor-specific
antibodies in the recipient. Because of preoperative ABO blood
group matching and panel-reactive antibody screening, hyper-
acute rejection has become a rare but nonetheless catastrophic
complication that occurs within minutes to hours.

Immunosuppression following transplantation consists of
an early induction phase followed by a long-term maintenance
phase. The immunosuppressive regimen at our institution
begins with methylprednisolone, 1000 mg IV preoperatively
and methylprednisolone/prednisone, cyclosporine, and myco-
phenolate postoperatively. Because the nephrotoxic effects of
cyclosporine place the recipient at increased risk for renal
insufficiency, doses should be adjusted in preexisting renal
insufficiency.

The gold standard for the diagnosis of acute rejection
remains an RV endomyocardial biopsy through the right inter-
nal jugular vein. Early signs of impending graft rejection

494



Chapter 79 – Cardiac Transplantation in the Adult

Figure 79.1. Mediastinum after excision of the heart but prior to allograft placement. (A) Classic orthotopic technique. (B) Bicaval anastomotic technique.

include a drop in voltage in leads I, II, III, V1, and V6 in serial
electrocardiograms; abnormal gallop rhythms; urinary output
and weight changes; and fever.

Corticosteroids are the cornerstone of acute antirejection
therapy. Rescue protocols for recurring or refractory rejection
include methylprednisolone plus OKT3 polyclonal antibody
therapy, or methotrexate.

Anesthetic management of the patient
with a denervated heart
Cardiac denervation is an unavoidable consequence of heart
transplantation. A transplanted heart responds atypically to
exercise and to certain cardioactive drugs, effects of which are

thought to primarily be a result of the lack of direct neuronal
control of the allograft.

Denervation substantially alters the response to demands
for increased cardiac output. Normally, an increased heart rate
can rapidly increase cardiac output. This mechanism is not
available in the denervated heart. Heart rate increases only
graduallywith exercise, an effectmediatedmainly by circulating
adrenal catecholamines. Increases in cardiac output in response
to increased demands are mediated mainly via increased stroke
volume. Therefore, maintaining an adequate preload in cardiac
transplant recipients is crucial. In certain cases, both donor and
recipient sinoatrial nodes are intact and functioning. P waves
originating from both sources may be recorded with the recip-
ient’s neurally mediated responses intact.
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Denervation has important implications for pharmacologic
therapy. Drugs that act indirectly through the autonomous
nervous system, such as ephedrine, atropine, pancuronium,
and edrophonium, generally will be ineffective. Anticholin-
ergic drugs should not be used to treat bradycardia in the
setting of hypotension. Hypotensive patients with denervated
hearts will respond to anticholinergics, with vasodilation lack-
ing a compensatory tachycardic response and leading to
worsening hypotension. Drugs with a mixture of direct and
indirect actions will exhibit only their direct heart rate effects
(e.g., tachycardia with norepinephrine). The hemodynamic
drugs of choice in the transplanted heart are those with
direct cardiac effects, such as epinephrine and isoproterenol,
dopamine, and dobutamine.

The resting bradycardia in the immediate posttransplant
period is probably secondary to sinus node dysfunction and
graft-based parasympathetic ganglia and should be treated with
a dopamine or isoproterenol infusion or atrial pacing. This
bradycardia may persist for up to 7 days postoperatively. Even-
tually, the resting heart rate of the transplanted heart in the
absence of vagal tone is between 90 and 110 bpm. The nor-
mal sympathetic responses to laryngoscopy and intubation are
absent.

Summary
The anesthetic management of heart transplant patients calls
into play all the skill sets of the perioperative physician, ranging
from careful attention to managing the psychological stress of
thewaiting time before induction, to the invasive pharmacology

associated with treating life-threatening pulmonary hyper-
resistance and right heart failure.
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Chapter

80 Persistent postoperative bleeding
in cardiac surgical patients
Walter Bethune, Michael G. Fitzsimons, and Edwin G. Avery IV

Excessive bleeding after cardiopulmonary bypass (CPB) is
associated with cardiac surgical morbidity and mortality. The
overall incidence of excessive bleeding after cardiac surgery,
commonly defined as the need to transfuse more than 10
U of allogeneic blood in the perioperative period, is com-
monly reported to be 3% to 5%. Approximately 2% to 4%
of patients after CPB require surgical exploration, primarily
because of excessive bleeding. Bleeding and surgical reexplo-
ration are both established independent predictors of adverse
outcomes. Administration of blood products, in the absence
of reexploration, may place the patient at risk for transfusion-
related complications. Anesthesiologists caring for cardiac
surgical patients must understand the risk factors, clinical pre-
sentation, diagnosis, and treatment of bleeding after cardiac
surgery.

Definition
There is no uniformly accepted definition for excessive bleed-
ing after cardiac surgery. Most patients will demonstrate some
bleeding (0.5–1.0ml/kg/h) within the first 6 hours after surgery.
Bleeding in excess of 8 to 10 ml/kg/h generally prompts imme-
diate surgical intervention if there is no response to blood prod-
ucts. Our institutional guideline, based on experience, is that
bleeding should not be � 500 ml in the first hour, 400 ml/h
for the first 2 hours, 300 ml/h for 3 hours, or 200 ml/h for
the first 4 hours. Bleeding in excess of these numbers should
prompt strong consideration of surgical reexploration in a nor-
mothermic patient, especially if the patient is hemodynami-
cally unstable or if bleeding persists after correction of any
coagulopathy.

Risk factors
Risk factors for excessive or persistent bleeding after cardiac
surgery may be considered patient specific or surgery specific
(Table 80.1). Patient-specific factors include female sex, pre-
operative cardiogenic shock, renal failure, small body mass,
renal insufficiency, and certain preoperative anticoagulants or
antiplatelet therapies. Surgery-specific factors include emer-
gency procedures andmore complicated heart operations, such
as “redo” procedures; combined operations, such as coronary

artery bypass graft (CABG) surgerywith valve replacement; and
notably, the duration of CPB.

Clinical presentation
Some degree of bleeding after cardiac surgery is expected. Sur-
geons place chest tubes and mediastinal drains to allow close
monitoring of this bleeding and to prevent the complications of
concealed blood collection (i.e., cardiac tamponade).

External or free bleeding is evident in the patent, graduated
drainage collection system. Blood and fluid that accumulate in
the mediastinum from disrupted tissues and suture lines are
drained via tubes placed during surgery. Mild bleeding should
respond readily to volume replacement. Therefore, it is imper-
ative that the patency of the drainage system be maintained to
prevent tamponade and allow an ongoing assessment of blood
loss. The color of the drained blood may shed light on the eti-
ology. Blood that is bright red may indicate arterial bleeding
from the bed of the internal mammary artery, intercostal arter-
ies or suture lines on the aorta, left atrium, pulmonary veins,
or left heart. Darker blood may indicate venous oozing from
the chest wall or suture lines on right-sided structures such as
the atrial appendage or vena cava. Dilute drainage results from
third spacing of fluid in the thoracic cavity.

Concealed bleeding does not appear in the drains. It may
result in the accumulation of blood in the pleural or mediasti-
nal space that can simultaneously compromise ventilation or

Table 80.1. Risk factors associated with postoperative bleeding

Patient-specific Surgery-specific

Female sex Emergency surgery
Renal insufficiency “Redo” procedures
Increased age Combined procedures
Poor nutrition Long duration of cardiopulmonary
History of excessive bleeding bypass
Smaller body mass index Excessive operative bleeding
Preoperative cardiogenic shock

Source: Data fromFerraris VA, Ferraris S, Saha SP, Hessel EA, et al. Perioperative
blood transfusion and blood conservation in cardiac surgery: The Society of
Thoracic Surgeons and the Society of Cardiovascular Anesthesiologists Clin-
ical Practice Guideline. Ann Thorac Surg 2007;83:S27–86.
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hemodynamics, ultimately leading to tamponade. This clinical
scenario does not respond as readily to volume replacement
and may require surgical reexploration. Chest radiography
may demonstrate a widened mediastinum. Transesophageal
echocardiography (TEE) may demonstrate classic tamponade
or, more commonly, focal compression by hematoma.

A sudden increase in the rate of bleeding, especially in a
patient with relatively normal coagulation test parameters who
was not bleeding initially, suggests a surgical etiology, as does
the presence of clotted blood in the patient’s chest tubes. Dif-
fuse, widespread oozing from the skin incision and intravenous
catheter sites, however, suggests a platelet abnormality or dis-
seminated intravascular coagulation. Failure of blood within
the mediastinal tubes to clot suggests either a platelet or signif-
icant coagulation factor abnormality, or both.

Differential diagnosis and pathophysiology
In caring for the patient suffering from excessive bleeding early
after cardiac surgery, high priority is given to determining
whether the bleeding is attributable to a surgical cause (i.e.,
tissue injury with inadequate surgical hemostasis or leaking
suture lines) or to coagulopathy (i.e., microvascular bleeding).
Coagulopathies that may contribute to excessive bleeding may
be divided into those related to platelet abnormalities (dilu-
tion, depletion, or dysfunction) or clotting factor abnormalities
related to inadequate heparin administration during CPB, hep-
arin rebound, or fibrinolysis.

Complicating the diagnosis is the fact that prolonged “sur-
gical” bleeding will inevitably lead to platelet and clotting fac-
tor depletion and an associated secondary coagulopathy. Sig-
nificant causes of postoperative blood loss are listed in Fig.
80.1. Additionally, hypothermia may exacerbate coagulopathy
related to either platelet or clotting factor abnormalities.

Inadequate
reversal of

heparin

Sepsis

Patelet
dysfunction

Clotting
factor

deficiency

Inability to
maintain
surgical

hemostasis

Post-CPB
bleeding

Heparin
induced
thrombo-
cytopenia

Figure 80.1. Causes of bleeding after CPB.

Preoperative anticoagulation
Platelet abnormalities, either quantitative or qualitative, are the
most common causes of postoperative bleeding after surgical
procedures using CPB. Patients often receive antiplatelet and
antithrombotic agents in the setting of an acute coronary syn-
drome. These agents may include aspirin, glycoprotein (GP)
IIb/IIIa receptor antagonists (tirofiban, abciximab, and eptifi-
batide), inhibitors of platelet adenosine diphosphate (clopido-
grel and ticlopidine), lowmolecularweight heparins (LMWHs),
ultra-pure LMWH (fondaparinux), and warfarin (Table 80.2).
Not all have been implicated in increasing the risk of bleeding
after cardiac surgery.

Despite numerous retrospective and prospective analyses, it
is still controversial as to whether aspirin alone before CABG
surgery is associated with an increased risk of postoperative
bleeding. The consensus regarding aspirin therapy is that by
itself it does not put cardiac surgical patients at increased risk
for excessive hemorrhage.

The contribution of newer, more potent antiplatelet agents
such as adenosine diphosphate (ADP) receptor antagonists and
GP IIb/IIIa inhibitors may increase the risk of postoperative
bleeding after cardiac surgery.The consensus is to delay surgery
for at least 5 days after cessation of clopidogrel therapy to
decrease the risk of excessive hemorrhage after cardiac surgery,
if such a delay is clinically feasible.

Abciximab, a GP IIb/IIIa receptor antagonist, is often used
to reduce ischemic complications in patients undergoing per-
cutaneous coronary revascularization. Although there is con-
cern regarding increased bleeding risk among the subset of
these patients who later require urgent CABG, delaying surgery
for at least 24 hours in abciximab-treated patients and for
at least 6 hours in tirofiban-treated patients, if clinically fea-
sible, presently is recommended. Enoxaparin used alone is
associated with greater overall blood loss and a higher inci-
dence of mediastinal reexploration compared with clopidogrel.
The current consensus is to delay cardiac surgery for at least
12 hours in patients who have received LMWH, if clinically
feasible.

Patients presenting for cardiac surgery commonly are taking
antithrombotic medications in the setting of having in situ arti-
ficial valves, atrial fibrillation, or a pulmonary embolism.There
is no standard protocol for the cessation of these agents that is
guaranteed not to increase the risk of bleeding. The use of war-
farin and aspirin has been shown to increase bleeding and the
duration of chest drainage. Warfarin generally is stopped 4 to
5 days prior to scheduled surgery.

Bridging agents such as unfractionated heparin (UFH) or
LMWH are commonly initiated to prevent thrombosis. Enoxa-
parin, an LMWH, has been shown to increase mediastinal
blood loss and the need for exploration after bypass. Conver-
sion of longer-acting antithrombotic agents (e.g., warfarin or
LMWH) to parenteral UFH or direct thrombin inhibitor ther-
apy may provide adequate perioperative anticoagulation if dos-
ing is timed appropriately to the conduct of surgery.
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Table 80.2. Drugs that increase perioperative bleeding

Drug Inhibits Half-life
Duration of
effects

Reversible
effects? Methods to restore function

Aspirin COX 15–20 min 7 d No Platelet transfusion
Abciximab
(ReoProa)

GP IIb/IIIa receptor 30 min 48 h Yes Platelet (partial) transfusion

Eptifibatide
(Integrilinb)

GP IIb/IIIa receptor 2.5 h 4–8 h Yes Delay surgery 2 h after stopping drug

Tirofiban
(Aggrastatc)

GP IIb/IIIa receptor 1.5–3 h 4–8 h Yes Discontinue drug ASAP before surgery

Clopidogrel
(Plavixd)

ADP receptor 8 h 7 d No Blood product transfusion as needed

Ticlopidine
(Ticlide)

ADP receptor 12 h to 5 d with repeat
dosing

7 d No Blood product transfusion as needed

Dipyridamole
(Persantinef)

Adenosine uptake; PDE 9–13 h 4–10 h Yes Platelet transfusion

Cilostazol
(Pletalg)

PDE III 11–13 h 48 h Yes Blood product transfusion as needed

Herbal therapies Platelet aggregation Variable Variable Variable Limited data available

a Eli Lilly and Co., Indianapolis, IN.
b Schering Corp., Kenilworth, NJ.
c Merck and Co., Whitehouse Station, NJ.
d Sanofi-Aventis, Bridgewater, NJ.
e Roche, Nutley, NJ.
f Boehringer-Ingelheim, Ridgefield, CT.
g Otsuka, Princeton, NJ.
COX, cyclooxygenase; PDE, phosphodiesterase.
From Mashour GA, Avery EG. Anesthesia for cardiac surgery. In: Dunn et al., eds. Clinical Anesthesia Procedures of the Massachusetts General Hospital.
7th ed. Philadelphia: Lippincott Williams & Wilkins; 2007:401–440.

Effects of cardiopulmonary bypass
on coagulation
CPB affects all elements of the coagulation system, although
platelet number and function appear to be the most severely
affected.Three factors contribute to a decrease in platelet count
while on CPB: dilution, sequestration within the spleen, and
destruction. Initiation of bypass results in a dilutional throm-
bocytopenia related to the volume of pump-priming solu-
tion. Hypothermia, commonly utilized for myocardial and vital
organ protection, results in a sequestration of platelets within
the spleen.

Platelets are also vulnerable to shear stress injury from field
suction, roller pumps, balloon bumps, and simple contact with
elements of the bypass circuit. Furthermore, regardless of the
platelet count, platelet dysfunction in cardiac surgical patients
historically has been attributed to CPB-induced platelet activa-
tion with subsequent loss of receptors for vonWillebrand factor
and fibrinogen. Consequently, platelet transfusion has become
the primary therapy for nonsurgical (microvascular) bleeding
after operations involving CPB.

Prolonged blood contact with the artificial surface of the
CPB circuit is known to activate the contact activation and
intrinsic coagulation pathways, eventually leading to throm-
bin formation and consumption of soluble coagulation pro-
teins. CPB requires anticoagulation to prevent blood from clot-
ting within the bypass circuit. UFH is administered to amplify
antithrombin III action andprevent thrombin formation. In our

center, 350 U/kg of heparin is administered prior to CPB. Addi-
tional bolus doses are administered as required to achieve and
subsequently maintain the activated clotting time (ACT) values
at or above 480 seconds, although this varies among centers.
The effects of UFH may persist into the postoperative period,
and the activated partial thromboplastin time (aPTT) assay
is useful to detect residual heparin effects in cardiac surgical
patients.

Protamine sulfate is administered after completion of CPB
to reverse heparin-induced anticoagulation. Protamine forms a
stable 1:1 complexwith heparin, rapidly (�10minutes) neutral-
izing its anticoagulant activity. Protamine has a short half-life
(∼5 minutes), and the effects of UFH may often recur, which
is commonly referred to as “heparin rebound.” A protamine
administration protocol based on plasma heparin concentra-
tion measured at the end of CPB has been shown to reduce
bleeding into the postoperative period. Commonly, UFH is
neutralized empirically with anywhere from 0.5 to 1.3 mg of
protamine for every 100 U of UFH administered. Practice
patterns vary according to institution, and recently published
blood therapy guidelines suggest that lower doses of protamine
may help reduce hemorrhage following cardiac surgery.

Blood contact with the foreign CPB surface results in direct
extrinsic activation of fibrinolysis. This is caused primarily by
the release of tissue plasminogen activator from the vascular
endothelium throughout CPB.Thrombin formation, hypother-
mia, and traumatized endothelial cells also may contribute to
fibrinolysis. Unrestricted CPB-mediated thrombin activity and
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fibrinolysis ultimately lead to consumption of coagulation fac-
tors and platelets, further contributing to bleeding.

Finally, CPB induces an intensive activation of the inflam-
matory system, leading to leukocyte activation. Activated
leukocytes release inflammatory mediators that, in turn, acti-
vate monocytes, ultimately bringing about tissue factor (TF)
expression, thrombin generation, and paradoxic activation and
impairment of the coagulation system in many patients.

Surgical factors
The type of surgery and conductance of bypass itself con-
tributes to bleeding after surgery. The combination of a valve
repair/replacement with bypass grafting or aortic surgery
increases bleeding, as do repeat procedures. Surgeons are vigi-
lant of the common sites of bleeding after cardiac surgery. Can-
nulation sites such as the right atrial appendage, pulmonary
veins, ascending aorta, and vena cava commonly exhibit some
minor bleeding after surgery. Other sites, such as the bed of the
internal mammary artery, sternum, and anastomosis sites, may
exhibit oozing immediately after surgery.

Most surgeons are diligent in examining the mediastinum
and thoracic cavity prior to chest closure, but hypertension after
surgery may disrupt formed clot. Although the advent of min-
imally invasive procedures is felt to decrease these risks, this
may not be the case, as such patients may exhibit more postop-
erative blood loss. The duration of CPB has been shown to be
strongly associated with transfusion requirements and bleeding
after surgery.

Workup
Clinical examination
The evaluation of a bleeding patient in the postoperative set-
ting begins with a detailed clinical history and targeted exami-
nation. The rate of bleeding must be determined, and all drains
and wound sites should be assessed for the presence of clot.
Hemodynamic variablesmust be considered; hypotension com-
bined with tachycardia, low central venous pressure (CVP),
low filling pressures, and a low cardiac index indicates hypo-
volemia, whereas hypotension combined with an elevated CVP,
decreased cardiac index, and equalization of pulmonary artery
pressuresmay indicate concealed bleeding, potentially resulting
in cardiac tamponade. The differential diagnosis of tamponade
also includes right, left, and biventricular heart failure.

Chest radiography is commonly employed to evaluate for
blood collection in the mediastinum; however, its diagnostic
value is poor. Only 20% of chest radiographs met the criteria
for an enlarged cardiac silhouette, whereas 86% demonstrated
an effusion with echocardiography.

TEE is gaining widespread acceptance among physicians in
determining the cause of hemodynamic instability in the post-
operative setting. In a study of 301 patients requiring TEE in the
intensive care unit (ICU), TEE had a direct therapeutic impact
in 73% of the cases. Tamponade was diagnosed in 11% and
excluded in 12%.

Laboratory and point-of-care testing
Essential elements of the initial laboratory evaluation of
the patient bleeding after surgery include the hemoglobin/
hematocrit, platelet count, prothrombin time–international
normalized ratio (PT-INR), aPTT, and fibrinogen also may be
useful.TheACT is widely used tomonitor heparin therapy dur-
ing CPB but is less sensitive than the aPTT to residual heparin
concentration post-CPB, limiting its utility in the postoperative
setting.

Transient platelet dysfunction is considered the most com-
mon and important defect in hemostasis in the early post-
operative period. The platelet count from the complete blood
count does not necessarily reflect platelet function. Point-of-
care (POC) assays are tests performed at the patient’s bedside
that evaluate coagulation abnormalities without the time delay
associated with central laboratory analysis.

Thromboelastography (TEG) is a viscoelastic measure of
clot formation and clot dissolution that measures coagula-
tion, platelet function, platelet–fibrinogen interactions, and fib-
rinolysis. The TEG maximum amplitude parameter has been
shown to be more predictive of bleeding after cardiac surgery
than other isolated POC tests of platelet function, such as
the platelet-activated clotting test or routine coagulation tests
such as the platelet , PT, and aPTT. In a randomized, blinded,
prospective trial, Shore-Lesserson et al. randomly assigned car-
diac surgical patients to either a TEG-guided transfusion algo-
rithm (n= 53) or routine transfusion therapy (n= 52) for inter-
vention after CPB and showed that the algorithm using TEG
was effective in reducing transfusion requirements over the first
2 days postoperatively.

Multiple POC assays that evaluate platelet function have
been developed.Most preliminary investigations of their poten-
tial role in the postoperative management of cardiac surgical
patients have shown favorable results, although the full utility
of POC testing for patient management in this setting remains
to be demonstrated by large randomized controlled trials.

Management
Persistent postoperative bleeding must be managed by provid-
ing the appropriate therapy based on the etiology of the blood
loss. A bleeding diathesis must be differentiated from a surgical
cause requiring urgent reoperation. Instability not respond-
ing immediately to volume expansion should prompt imme-
diate reexploration. Management consists of two goals, return
of hemodynamic stability and correction of underlying coagu-
lopathy.

Fluids
In the setting of excessive postoperative bleeding, colloids
and/or crystalloids should be administered as needed to main-
tain intravascular volume and hemodynamic stability without
worsening coagulopathy. All fluids should be delivered through
a warmer to avoid worsening hypothermia. No clear data exist
to justify the use of normal saline over Ringer’s lactate for
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volume expansion. Likewise, the benefits of colloid adminis-
tration for volume expansion are unclear. Hetastarch has been
implicated in postoperative bleeding when administered dur-
ing bypass. A meta-analysis of studies investigating the link
between synthetic starch administration and bleeding in car-
diac surgery patients has confirmed that use of these solutions
significantly increases bleeding.

Blood products
Blood products are the primary means of treatment for post-
operative bleeding after cardiac surgery. Red blood cells,
platelets, fresh frozen plasma, prothrombin complex concen-
trates, and/or cryoprecipitate may be necessary, depending on
the specific coagulation defect. In practice, the decision regard-
ing when to transfuse must take into account not only numbers
but also individual patient characteristics and the anticipated
physiologic effects of continued blood loss, including ongoing
consumption of coagulation factors and inadequate circulating
blood volume.

There is no universally accepted hemoglobin level that
demands transfusion. The Society of Thoracic Surgeons and
Society of Cardiovascular Anesthesiologists note that red blood
cell transfusion for hemoglobin levels�6 g/dl is reasonable and
may be lifesaving. Transfusion for hemoglobin levels � 7 g/dl
may also be reasonable, although the data are less clear.

Surgical patients with microvascular bleeding generally do
not need platelet transfusion if the platelet count is�100,000/�l
but usually do need transfusion for a count �50,000/�l. Cur-
rent and anticipated bleeding should dictate transfusion when
the count is between 50,000 and 100,000/�l. These recommen-
dations are based largely on expert opinion, with little available
evidence to guide platelet transfusion in any setting, including
the perioperative state.

Fresh frozen plasma should be transfused only as needed to
correct specific coagulation factor deficiencies. In cardiac sur-
gical patients, these deficiencies are caused most commonly by
dilution secondary to large-volume transfusion. Other causes
include warfarin therapy, liver dysfunction, and consump-
tive coagulopathy. Whenever possible, purified specific factors
(instead of plasma) should be administered to patients with
single-factor inherited deficiencies who undergo CPB.

Cryoprecipitate, which contains predominantly fibrinogen,
factor VIII, vonWillebrand factor, factor XIII, and fibronectin,
should be used only to treat specific deficiencies of these factors.

Pharmacologic agents to decrease
postsurgical bleeding
Several pharmacologic agents are available to treat persistent
postoperative bleeding. Tranexamic acid and ε-aminocaproic
acid are synthetic lysine analogues that exert their antifib-
rinolytic effect by displacing plasminogen from fibrin.
Desmopressin, an analogue of arginine vasopressin, reduces
bleeding by increasing plasma concentrations of factor VIII
and von Willebrand factor, thus promoting platelet function.

Recombinant activated factor VII (rVIIa) forms a complex
with available tissue factor to activate factor X directly and
induce thrombin generation. Recently published guidelines
suggest that rVIIamay be considered if administration of blood
component therapy fails to reduce bleeding.

Both ε-aminocaproic and tranexamic acids have been
shown to reduce bleeding and the need for allogeneic trans-
fusion in heart surgery patients. Although there are potential
benefits from the administration of ε-aminocaproic acid and
tranexamic acid during surgery, these conclusions cannot be
immediately applied when these drugs are started after surgery.
No randomized, controlled, blinded studies are available to sup-
port the initiation of antifibrinolytic therapy in the postopera-
tive period.

Desmopressin acetate has not been shown to be of benefit if
administered in a prophylactic fashion during cardiac surgery,
but it is not unreasonable in patients with excessive bleed-
ing after bypass, especially in those with conditions known to
respond (uremia, bypass-induced platelet dysfunction, or von
Willebrand’s disease).

Recombinant activated factor VII (rVIIa) may be effective
in the treatment of patients with uncontrolled postoperative
hemorrhage after thoracic surgery. Potential drawbacks include
a risk of thrombosis and the agent’s expense (approximately
$4500 for a single dose). Appropriately designed studies to
establish the safety of this biologic in cardiac surgical patients
do not presently exist.

Resternotomy
Excessive postoperative bleeding or profound hypotension
unresponsive to volume and pharmacologic resuscitation –
suggesting a significant concealed hemorrhage causing hypov-
olemia and/or cardiac tamponade – is an indication for imme-
diate surgical reexploration of the chest either in the ICU or
in the operating room. In patients undergoing cardiac surgery,
rates of reoperation for bleeding vary between 3% and 14%,
with approximately 5% of all patients requiring reoperation in
the early postoperative period; a surgically correctable source
of bleeding is found in 50% to 67% of these patients.

The rates of reexploration, however, are substantially declin-
ing. In addition to its association with an adverse effect on
patients’ morbidity and mortality, bleeding requiring reexplo-
ration consumes considerable resources as a result of increased
operative time, blood product use, and prolonged ICU and total
hospital stays. Reoperation in the ICU, as opposed to the operat-
ing room, has been shown to be associated with decreased total
hospital charges, quicker time to intervention, and no increase
in the wound infection rate compared with no reoperation.

Important points
Important points are as follows:

1. Excessive bleeding is associated with increased morbidity
and mortality after heart surgery.
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2. Risk factors for excessive bleeding after cardiac surgery
include female sex, reoperation, combined procedures,
longer duration of CPB, hypothermia, preoperative
administration of anticoagulants, renal insufficiency,
excessive bleeding during surgery, emergency surgery, and
smaller body index.

3. No uniform accepted definition for excessive bleeding after
cardiac surgery exists, but bleeding that exceeds 10 ml/kg
in the first postoperative hour or an average of �5 ml/kg in
the first 3 postoperative hours is abnormal and has been
suggested as an indication for reexploration.

4. Bleeding after cardiac surgery can be externally manifested
as hypovolemia and continued fluid requirements, or
concealed bleeding presenting as tamponade.

5. Preoperative medications such as aspirin, GP IIb/IIIa
inhibitors, platelet ADP antagonists, LMWHs, and
warfarin may be associated with excessive bleeding after
cardiac surgery.

6. CPB may contribute to dysfunction of the hemostatic
system through platelet activation, depletion, and
hemodilution. CPB may also initiate consumption of
coagulation factors, activation of fibrinolysis, and
stimulation of the inflammatory system, resulting in a
cascade of coagulation and fibrinolysis.

7. Evaluation of bleeding after CPB surgery primarily
involves the determination of whether bleeding is surgical
or microvascular.

8. Prolonged “surgical” bleeding inevitably leads to platelet
and clotting factor depletion and an associated secondary
coagulopathy.

9. Chest radiograph analysis is inadequate to evaluate for
evidence of concealed bleeding or tamponade. TEE is an
increasingly used technique to determine the presence or
absence of tamponade after cardiac surgery.

10. Essential elements of initial laboratory analysis of the
bleeding patient include PT-INR, aPTT, platelet count,
fibrinogen, hemoglobin, and hematocrit.

11. Point of care tests (studies performed at a patient’s bedside)
avoid the delay associated with central laboratory studies.
POC tests are increasingly being used to determine the
etiology of bleeding after surgery and employed as part of
transfusion algorithms to reduce the administration of
allogeneic blood products.

12. The decision regarding when to transfuse must take into
account not only numbers and formulaic thresholds but
also individual patient characteristics and the anticipated
physiologic effects of continued blood loss and inadequate
circulating blood volume.

13. No randomized, controlled, blinded studies are available to
support the initiation of antifibrinolytic therapy in the

postoperative period, but the literature provides support
for the pre-CPB administration of antifibrinolytics to
reduce blood loss and for the administration of blood
products.
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81 Carotid endarterectomy
Brian J. Gelfand and Stanley Leeson

Since the introduction of carotid endarterectomy (CEA) for
the management of carotid occlusive disease (Fig. 81.1) in
the 1950s, the procedure has waxed and waned in popular-
ity, progressively refining its role with the emergence of objec-
tive evidence-based support. Operative management of carotid
artery stenosis by CEA demands the anesthesiologist’s full
appreciation of the pathophysiology involved as well as dili-
gent attention to the associated comorbidities of this challeng-
ing patient population. CEA can reduce the risk of a fatal or
disabling stroke in a selected patient group, but the surgical risk
must not outweigh the potential benefits.

Surgical approach
The proper positioning of the patient prior to surgical incision
cannot be understated. The patient should be supine with the
head comfortably turned toward the nonoperative side, with the
patient’s neck slightly extended by placement of a roll under-
neath the shoulders. The anesthesiologist should be aware that
hemodynamic instability might result from stimulation of the
carotid sinus, presenting as sudden onset of marked bradycar-
dia and severe hypotension. The carotid sinus is located at the
carotid artery bifurcation by the initial dilatation of the inter-
nal carotid artery.This region contains abundant baroreceptors,
which are innervated by the sinus nerve of Hering (Fig. 81.2).
This branch of the glossopharyngeal nerve (cranial nerve [CN]
IX) synapses in the nucleus tractus solitarius in the brainstem
medulla, and its vagal efferents modulate autonomic control of
the heart and vasculature.

The surgeon may inject lidocaine 1% into the tissue at the
carotid bifurcation to attenuate the afferent limb of this reflex,
and the anesthesiologist may administer atropine or glyco-
pyrrolate to diminish the effect of the vagal parasympathetic
efferent effects associated with manipulation of this region.
The carotid sinus must be differentiated from the carotid body,
which also lies within the area of the carotid artery bifurca-
tion. In contrast to the carotid sinus, the carotid body contains
a cluster of chemoreceptors, which are sensitive to changes in
the composition of arterial blood. Unlike the central brainstem
chemoreceptors that are primarily sensitive to changes in CO2,
the type I glomus cells of the carotid body are principally sen-
sitive to changes in the partial pressure of oxygen and increase
their output at partial pressures below 100 mm Hg. To a lesser

degree, increases in partial pressure of CO2 and decreases in
pH may elicit an increase in glomus activity. These changes
are transmitted to the medullary respiratory centers via glosso-
pharyngeal (CN IX) and vagal (CN X) afferents.

Shunting
The decision to use a shunt during CEA still is a focal point of
considerable debate. The primary advantage of using a shunt
is that during the endarterectomy, ipsilateral cerebral blood
flow is continued. Studies have demonstrated that 10% to 15%
of patients will have inadequate perfusion crossover to pre-
vent evidence of cerebral ischemia. Without adequate ipsilat-
eral perfusion pressure, cerebral infarction would result. Shunt
placement is not without its risks and potential complications;
errant placement may result in occlusion or carotid dissection,
embolization may occur through the shunt, or thrombus may
form because of the shunt, with resultant emboli. In all circum-
stances, the blood pressure must be sufficient to provide flow
through the shunt.

Determination of the need for carotid shunting can be
made by several commonly used techniques to assess the ade-
quacy of cerebral perfusion. The first is direct communication
with the patient who is awake and anesthetized via regional
technique. Communication is usually via a signaling device,
such as a “clicker,” or by squeezing a ball in the contralateral
hand. Voice responses are discouraged to prevent neck move-
ment and disturbing the operative field. The second technique
is to determine stump or back pressure by placing a trans-
duced needle or catheter into the carotid artery while the prox-
imal common carotid artery and the external carotid arteries
are clamped. In this way, the transduced pressure reflects the
internal carotid artery pressure and correspondingly the ipsi-
lateral hemispheric perfusion pressure by means of the con-
tralateral carotid artery pressure across the circle of Willis.
This technique has been critically debated in the literature, ref-
erencing “safe” stump pressures varying from 25 to 90 mm
Hg as indicators of adequate cerebral perfusion. Finally, the
gold standard of electroencephalographic (EEG) monitoring
by an experienced technician directly compares the ipsilateral
and contralateral waveforms and can note any changes at the
time of clamping that would indicate inadequate hemispheric
perfusion.
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A B C

Figure 81.1. (A and B) Digital subtraction angiograms with clinically significant internal carotid artery (ICA) stenosis. (C) Magnetic resonance angiography
demonstrating significant left ICA stenosis. (Images courtesy of Edwin C. Gravereaux, M.D., Brigham and Women’s Hospital, Division of Vascular Surgery.)

Anesthetic technique
CEA may be performed under either general or regional anes-
thesia, with either technique having similarmorbidity andmor-
tality rates. The choice of anesthetic must be an appropriate
balance among patient selection, the desires of the surgeon, and
the expertise of the anesthesiologist. The primary objective in
the anesthetic management of the patient undergoing CEA is
the prevention of cardiac and cerebral ischemic events. This
intention can present as a delicate balance between augmenta-
tion of cerebral perfusion pressure and reduction of myocardial
oxygen demand. Preparation for and anticipation of hemo-
dynamic fluctuations is essential toward this end. Individual

syringes of low-dose ephedrine (5 mg/ml), phenylephrine (40
�g/ml), and nitroglycerin (40 �g/ml) should be readily avail-
able. Additionally, infusions of phenylephrine and nitroglycerin
on a preset pump should be in line. Likewise, in treatment, pre-
vention of therapeutic overcorrection by the judicious titration
of these short-acting pharmacologic agents is key.

General anesthesia
Proponents of a general anesthetic approach to CEA espouse
the ability to control ventilation, maintain a secure airway,
and more easily manage the potential intraoperative compli-
cations as the major advantages of this technique. Within the

Figure 81.2. Vessel loop denotes the sinus nerve
of Hering (branch CN IX) at the carotid artery
bifurcation.
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Figure 81.3. Superficial cervical block. Local anesthetic is injected along the middle third of the posterior border of the sternocleidomastoid muscle.

broad spectrum of various anesthetic induction and mainte-
nance options, there are no data to absolutely delineate a par-
ticular combination of agents.

Ideally, the induction should be designed tomaintain hemo-
dynamic stability and avoid the shifts associated with the
depressant effects of certain medications or the stimulation of
tracheal intubation. It is worth noting that the use of succinyl-
choline is contraindicated in patients who have had a recent
paretic cerebral infarction.

Maintenance anesthesia is usually achieved with the com-
bination of a volatile anesthetic with the addition of an opi-
oid such as fentanyl (2–5 �g/kg), sufentanil (0.5–1.0 �g/kg),
or nitrous oxide. The use of nitrous oxide supplementation,
although popular, remains controversial because of reports of
increases in cerebral metabolic rate and cerebral blood flow
(CBF). More recently, there also are reports that the use of
nitrous oxide increases serumhomocysteine levels duringCEA.
This association may possibly be correlated with perioperative
myocardial ischemic events. Alternatively, a propofol and remi-
fentanil (0.1–1 �g/kg/min) anesthetic may be used. Remifen-
tanil’s short half-life permits simple titration during varying
levels of stimulation during CEA. The use of easily titratable,
short-acting pharmacologic agents also permits a smooth, rapid
emergence to facilitate early neurologic assessment.

Regional anesthesia
CEA is commonly performed under regional anesthesia using
superficial and deep cervical plexus blocks (Fig. 81.3 and
Fig. 81.4). Anesthesiologists may prefer one block to another,
although no consensus exists within the literature as to a

comparison of efficacy. The necessary region of anesthetic
blockade is in the C2–4 dermatomes and may be achieved via
either of these blocks, or by subcutaneous infiltration of the
peripheral nerves infiltrating the incision site.

Advocates of a regional technique for CEA claim that this
approach provides for direct cerebral monitoring, improved
hemodynamic stability, and avoidance of endotracheal intu-
bation, as well as its attendant complications in patients
with chronic obstructive pulmonary disease or limited cardiac
reserves. It should be recognized that this anesthetic approach
should be attempted only in a patient likely to remain calm and
cooperative throughout the operative procedure with a mini-
mal amount of sedation. These limitations illustrate the disad-
vantages of a regional anesthetic in this patient group.The onset
of seizures, loss of consciousness, or need to control the airway
emergently, although uncommon, may present significant diffi-
culty during surgical management.

Monitoring
Intraoperative patient monitoring during CEA should recog-
nize the goals of protection from cerebral and cardiac ischemia.
As such, diligent observation of electrocardiographic leads II
and V5, along with ST-segment analysis, provides increased
sensitivity in detecting early cardiac ischemic changes. Like-
wise, direct and continual hemodynamic monitoring by place-
ment of a transduced intra-arterial catheter is recommended.
Additional invasive procedures, such as placement of a central
venous line to record central venous pressures, or a pulmonary
artery catheter, should be dictated by individual patient comor-
bidities and not used on a routine basis.
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Figure 81.4. Deep cervical block. The needle is inserted on the vertical line at the C2, C3, and C4 level and directed medially and slightly caudad to contact the
grove of the transverse processes.

The literature indicates that neurophysiologic monitoring is
not associated with a stroke risk reduction or an improvement
in outcome. Most perioperative strokes are thromboembolic in
origin and not the result of hypoperfusion. The use of vari-
ous cerebral perfusion monitors, such as the electroencephalo-
gram (EEG), transcranial Doppler (TCD), or cerebral oximetry,
may offer guidance in determining the appropriateness of shunt
use andmore cautious and precise utilization of pharmacologic
vasopressors.

The EEG is a graphic representation of the spontaneous
electrical activity of the superficial cerebral cortex (Fig. 81.5).
Compared with the hemispheres, such as during carotid artery
cross-clamping, relative ischemiawill demonstrate a decrease in
electrical activity and change in regional patterns. This usually
will occur below a CBF rate of approximately 15 ml/100 g/min.
It should be recognized that EEGmonitoring during CEA is not
without its limitations. EEGdoes notmonitor deeper structures
in the brain, and patients with certain preexisting neurologic
deficits may incur a perioperative ischemic event without evi-
dence of EEG changes. In addition, interpretation of the EEG
waveforms may be made more difficult by decreases in body
temperature, blood pressure, or an increase in anesthetic level,
as each of these may mimic an ischemic change in EEG pat-
tern. Therefore, it is absolutely essential to maintain communi-
cation between the anesthesiologist and EEG technician when
any change is made to the maintenance anesthetic regimen.

TCD presents another modality for assessing the adequacy
of CBF. TCD applies the concepts of Doppler ultrasound to
determine middle cerebral artery blood flow velocities and
embolic events. TCD’s utility in the intraoperative evaluation of

the patient undergoing CEAmay be somewhat limited in terms
of its positive predictive value andmaybemore useful postoper-
atively for stroke surveillance or in predictingwhich individuals
may be at risk for cerebral hypoperfusion syndrome following
CEA or carotid artery angioplasty and stenting. Likewise, the
application of cerebral oximetry during CEA provides a visual
measurement of frontal lobe saturation. Limited work has been
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Figure 81.5. Representative EEG patterns. Line 1: Beta waves seen in the
awake patient. Line 2: Alpha waves seen in a relaxed patient. Line 3: Theta
waves seen in the somnolent patient. Line 4: Sleep spindles seen in the
sleeping patient. Line 5: Delta waves in the relatively deeply anesthetized
patient.
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done to accurately define a cutoff threshold to indicate when
employing a shunt is appropriate.

Postoperative care
Themost common postoperative complications following CEA
include delayed emergence, hemodynamic instability, respira-
tory insufficiency, local hematoma, and new evidence of neu-
rologic dysfunction. Although most wound hematomas are
relatively small, emergent operative intervention is required for
large and rapidly expanding hematomas. The anesthesiologist
must be particularly attuned to any evidence of airway compro-
mise that will demand immediate attention.Themost common
cause of mortality is myocardial infarction, whereas the most
common cause ofmorbidity is stroke. Although seemingly sim-
ilar to many other procedures and their potentials for postop-
erative difficulties, the patient undergoing CEA is unique.

In the postoperative setting, approximately 60% of these
patients may present with either hypotension or hypertension,
with the latter being more common. The etiology of post-CEA
hypertension is not exactly clear. It is possible that it could be
related to surgical denervation of carotid baroreceptors, and it
may be exaggerated in patients with poorly controlled preoper-
ative hypertension. The pattern of postoperative hypertension
appears to peak approximately 2 to 3 hours after completion
of the procedure, but may persist up to 24 hours. The goal of
hemodynamic management in the postoperative period should
be directed toward maintaining patients within their usual pre-
operative range of blood pressures. Postoperative hypertension
may be managed with a variety of short-acting agents, such as
esmolol, labetalol, and hydralazine, to avoid unnecessary peri-
ods of hypotension. In refractory situations, titration of nitro-
glycerin or nitroprusside may be employed.

In evaluating the postoperative CEA patient for hypoten-
sion, it is essential to remember the high correlation with coro-
nary artery disease in this patient population and to exclude
myocardial ischemia and infarction as reasons for a decrease in
blood pressure in the postanesthesia care unit.

Following CEA, patients may present with varying degrees
of neurologic dysfunction, ranging from focal neurologic signs
from cranial nerve injury to full-blown cerebral hemispheric
insults from carotid artery occlusion, embolic phenomenon, or
graft thrombosis. Unilateral recurrent laryngeal nerve injury
will appear as transient hoarseness, but preoperative assessment
of vocal cord function should be made in any patient who pre-
viously underwent contralateral endarterectomy or operative
thyroid intervention if the possibility of bilateral recurrent
laryngeal nerve injury exists, and as such, an acute airway emer-
gency. Injury to the hypoglossal nerve will result in paresis of
the ipsilateral tongue musculature and deviation of the tongue
to the side of injury. More commonly, traction injury to the
marginal mandibular branch of the facial nerve will manifest
as drooping of the corner of the mouth on the ipsilateral side.

Another, less common cause of post-CEA neurologic dys-
function is cerebral hyperperfusion syndrome (CHS) resulting

from the rapid restoration of a normal perfusion pressure to
areas of brain tissue with impaired autoregulation secondary to
chronic ischemic states. The literature reports an incidence of
0.5% to 2.2% and defines CHS as a major increase in ipsilat-
eral CBF, well above the metabolic demands of the brain tissue,
following repair of carotid artery stenosis. Occurring between
postoperative days 3 and 8, the clinical presentation of CHS
may consist of severe unremitting ipsilateral head, facial, or eye
pain, with increasing signs of cerebral irritability progressing to
seizure activity. Prompt recognition and hemodynamic control
are essential for management. The compounding involvement
of intracerebral hemorrhage bodes a poor prognosis.

Future trends
The validation studies of the 1990s (North American Symp-
tomatic Carotid Endarterectomy Trial [NASCET], European
Carotid Surgery Trial [ECST]) demonstrated absolute risk re-
duction for the surgical versus medical management of carotid
artery stenosis and defined acceptable morbidity and mor-
tality rates. In 2004, the US Food and Drug Administration
approved the clinical application of carotid artery angioplasty
and stenting systems in the revascularization of symptomatic
patients with stenosis ≥ 50% and asymptomatic patients with
≥ 80% stenosis. Early carotid artery stenting literature reported
unacceptably high complication rates. The elevated stroke
rate in these studies most likely was related to the absence
of distal embolic protection filters in the deployment sys-
tems. With technologic improvements, further studies such
as the SAPPHIRE (Stenting and Angioplasty with Protection
in Patients at High Risk for Endarterectomy) and CaRESS
(Carotid Revascularization Using Endarterectomy or Stenting
Systems) trials demonstrated lower morbidity and mortality
rates. Defined complication rates for carotid artery angioplasty
and stenting have not been determined yet, pending publi-
cation of larger series evaluating longer follow-up and stent
durability.
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Chapter

82 Abdominal aortic aneurysm
Fred Cobey, Simon Gelman, and Jonathan D. Gates

An arterial aneurysm is a dilation of the artery at least 50% of
the expected diameter. The definition of an abdominal aortic
aneurysm (AAA) is an aorta with a diameter �3 cm. Approxi-
mately 5% of the population older than 50 years has an AAA.
These aneurysms are the fifth leading cause of death in men
older than 55 years. Prophylactic AAA repair is intended to
spare patients the possibility of rupture and death. Ruptured
AAAs incur a mortality rate of 70% to 90%, with most deaths
occurring before patients arrive at the hospital. Therefore,
detection and repair of AAAs prior to catastrophic rupture can
prolong the life of many patients. Because atherosclerosis is a
systemic disease, severe cardiovascular and other comorbidi-
ties frequently accompany these lesions. In the event of an AAA
rupture, perioperative homeostasismay be a challenge for anes-
thesiologists.

Pathophysiology
Although atherosclerosis traditionally was invoked as an eti-
ology for AAAs, this concept has been recently revised. An-
eurysms are now believed to result from inflammation that
leads to dilation and subsequent plaque formation. Loss of
elastin is one of the most common histologic findings, and
increased serum activity of elastase has been observed in
patients with aneurysms. Alterations in metalloproteinase gene
expression and activity also are associatedwithAAA formation.
Smoking also may act synergistically to cause elastin degrada-
tion. In addition, the presence of Chlamydia pneumoniae in the
aortic wall may lead to the degradation of aortic elastin.

Gradual aneurysmal enlargement may be explained on
the basis of Laplace’s law (Fig. 82.1). The tension (T) on the
aneurysm wall is the product of the transmural pressure (P)
and the radius (R) of the vessel (T = PR). Therefore, a larger
aortic diameter results in increased wall tension at a relatively
constant arterial pressure. The tension will increase to a point
at which the vessel collagen is incapable of sustaining the trans-
mural pressure. Accordingly, risk of rupture can thus be strat-
ified according to diameter. AAAs enlarge 0.5 cm/y or about
10% per year, so ongoing surveillance is necessary. Lesions �4
cmmay be followed with annual imaging, as the risk of rupture
at that size is unlikely. Once lesions reach 5 to 6 cm or larger,
the risk of rupture increases to 5% to 6% per year, at which
point repair is generally indicated. In addition to size, rapid

expansion and female gender also appear to increase the risk of
rupture. Patients with lesions 4 to 5.5 cm represent an interme-
diate group, and the question here may bemore of when, rather
than whether, to repair them.

Preoperative evaluation
Most AAAs are silent clinically and discovered incidentally.
Symptomatic patients may present with back, flank, groin, and
abdominal pain. Less commonly, cliniciansmay discover AAAs
during a search for a cause of lower-extremity embolus. On
routine physical examination, AAAs that are 4 to 4.9 cm are
detected in only 50% of cases. Large lesions often may be more
readily palpated; however, large body habitus may render the
physical examination unreliable. Ultrasound is a traditional
modality for evaluating pulsatile abdominal masses or for fol-
lowing changes in an aneurysm over time. CT provides a better
picture of the overall geometry of the lesion and more easily
detects iliac artery aneurysms (Fig. 82.2). Formal angiography
rarely is used as a preoperative study.

Most patients with AAAs have coexisting cardiopulmonary
disease, and their life expectancy generally is shorter than that
of age-matched controls. A thorough medical evaluation of
patients preoperatively is required to decide whether and what
kind of surgery should be done and to ensure that comorbid
conditions are addressed. Cardiac complications are the most
common complications after vascular surgery, with a myocar-
dial infarction incidence of 12% to 14%. Preoperative car-
diac revascularization may not decrease perioperative risk of
myocardial infarction or long-term survival. In contrast, use
of perioperative �-adrenergic antagonists has been shown to
reduce the rate of cardiac complications. There is also evidence

Pressure

Tension

T = PR

Radius

Figure 82.1. Aneurysmal enlargement explained on the basis of Laplace’s
law. T, tension; P, transmural pressure; R, radius.
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Figure 82.2. CT angiogram of a large AAA with mural thrombus.

that the addition of a statin may further reduce the risk of peri-
operative cardiac complications beyond �-blockade alone.

Assessment of the patient’s tolerance to exercise and nota-
tion of any cardiac symptoms are crucial in risk stratifica-
tion and in determining whether surgery should be delayed
for further testing. Cardiac testing can safely be omitted in
intermediate-risk patients with acceptable functional status.
It is generally recommended that adequate preoperative �-
blockade be provided, as evidenced by a patient’s heart rate con-
trolled between 60 and 70 bpm.

Sincemany patients withAAAs have a long history of smok-
ing, pulmonary compromise is common. Patients with pro-
ductive cough, those with bronchospasm, and those who are
CO2 retainers have higher rates of pulmonary complications. In
this group of patients, epidural analgesia is particularly useful.
Patients with AAAs also may have coexisting cerebrovascu-
lar disease. There is no evidence that correcting asymptomatic
carotid disease improves neurologic outcome. Intervention
should be entertained in symptomatic patients with transient
ischemic attacks or small strokes. However, the timing of the
two interventions should be patient specific, based on the rela-
tive significance of each lesion. Preoperative renal insufficiency
is a strong predictor of increased operative risk, more so than
diagnosed cardiopulmonary disease. Diabetes mellitus needs
to be addressed and managed preoperatively, as perioperative
hyperglycemia has been shown to predispose to cardiac events
and may have a role in risk of postoperative infection.

In contemplating AAA repair, one must consider the
patient’s life expectancy, risk of rupture, and risk of periop-
erative death. For patients undergoing open operative repair,
mortality is inversely related to both surgeon and hospital vol-
ume. Operative mortality can actually be predicted using the
surgeon’s average operative mortality and the patient’s comor-
bidities. Patients who have a high risk of perioperative death
and/or a short life expectancy may be managed nonoperatively.
�-Adrenergic antagonists should be initiated because of accu-
mulating evidence that they may decrease the rate of aneurys-
mal expansion.

Figure 82.3. Transperitoneal AAA repair with graft in situ.

Surgical approach
There are two basic approaches to open AAA repairs: transperi-
toneal and retroperitoneal. The transperitoneal approach via
a traditional midline laparotomy incision with the patient in
the supine position is best for ruptured aneurysms and also
provides exposure to the right renal artery (Fig. 82.3). The
retroperitoneal approach enables better exposure to suprarenal
aneurysms and is the preferred approach in cases of exten-
sive abdominal adhesions or a horseshoe kidney, which would
prevent easy access to retroperitoneal structures. The patient
requiring this approach is placed in a left-side up, modified
decubitus position. This approach avoids violating the peri-
toneum and may result in faster return of bowel function,
although it incurs the risk of an often troublesome postop-
erative bulge around the incision from denervation of flank
muscles.

The development of endovascular repair has changed
AAA management, especially for high-risk patients. The anes-
thetic considerations for patients undergoing the endovascular
approach are reviewed in the next chapter. Finally, laparoscopic
AAA repair is currently being investigated in Europe. Initial
results in the literature are encouraging, with short recovery
times similar to those of endovascular techniques. In practice,
however, these techniques are not yet viable options.

Intraoperativemanagement
Monitoring
In addition to routine noninvasive monitors, an arterial line
is helpful during application and removal of the aortic cross-
clamp and in the presence of significant bleeding. A triple-
lumen catheter inserted in the subclavian or internal jugular
vein may be useful when there is a need to administer multiple
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medications. Routine placement of pulmonary arterial
catheters is unnecessary. The use of such catheters may be
restricted to patients with suspected pulmonary hypertension
or significant cardiac disease, in whom it may be necessary
to know the cardiac filling pressures and output to maintain
optimal cardiac function. Intraoperative transesophageal
echocardiography (TEE) is often useful in estimating volume
status and identifying regional wall motion abnormalities
among patients who are hemodynamically unstable.

Anesthetic technique
General anesthesia is required. More important than what
drugs are used for induction and maintenance of anesthesia
is that they are administered in a manner that ensures hemo-
dynamic stability. It may be wise to avoid ketamine, given
the preponderance of coronary artery disease in this group of
patients. Epidural analgesia clearly is beneficial in this patient
population, given the prevalence of pulmonary disease. Its use
decreases postoperative intensive care unit requirements, post-
operative pulmonary complications, and hospital stays. The
associated decrease in sympathetic tone may complicate hemo-
dynamic management. It seems easier to manage intraopera-
tive hypotension if epidural analgesia is started after the aortic
cross-clamp is removed and hemostasis is ensured.

Volume status
Clearly, it is important to assess the volume status of patients
undergoing AAA repair throughout the intra- and postopera-
tive course. Aggressive volume resuscitation is required to assist
in maintaining optimal hemodynamics and to avoid postop-
erative renal impairment. Understanding the patient’s unique
cardiopulmonary status and ability to tolerate fluid shifts is
the basis of volume management. Although vasoactive drugs
may be needed, their use should be limited. Administration of
phenylephrine doubles the incidence of wall motion abnormal-
ities seen on echocardiography compared with patients whose
blood pressures are maintained by fluid administration. Urine
output cannot be used as an indicator of end-organ perfusion,
given the presence of an aortic cross-clamp along with possible
administration of diuretics. Even in the infrarenal position, the
cross-clamp appears to impair blood flow to the kidneys.

Widespread opinion that central venous pressure (CVP)
accurately reflects the volume status of patients is actually incor-
rect. Values of CVP, as well as those of pulmonary artery
occlusion pressure (PAOP), do not correlate with the values of
circulating blood volume or with responsiveness to fluid chal-
lenge (an increase in cardiac output secondary to the infusion of
fluid). Loss of 10% to 12% of blood volume does not change sys-
temic hemodynamic variables, including CVP, to a noticeable
degree because such a blood loss is compensated bymanymech-
anisms, including mobilization of blood from the splanchnic
vasculature. Adequate CVP is a must for normal cardiovascular
function; therefore, the body does everything needed to main-
tain it at adequate levels. In conditions of normal heart function,

CVP values often remain unchanged despite drastic changes in
other variables of systemic hemodynamics. Only extreme val-
ues of CVP may have some clinical significance. The PAOP is
an even worse indicator of volume status than the CVP, because
it is far removed from the action of the mean circulatory filling
pressure, which is very close to the pressure in small veins.How-
ever, the PAOP is a better indicator of left ventricular function
than of volume status.

Dynamic variation in the arterial wave form during positive
pressure ventilation may be a better predictor of fluid respon-
siveness than CVP measurements. Currently, there is discus-
sion that plethysmographic waveform variation obtained from
the fingertip, as in the case of systolic blood pressure variations,
may predict responsiveness to a fluid challenge. Although such
dynamic indices do not provide measurements of intravascular
volumeor preload, they help answer the clinically relevant ques-
tion of where patients are on their Starling curves, and whether
further volume administration would be helpful. Indeed, using
such measures may even improve patient outcomes.

Finally, TEE also may be performed rapidly to evaluate
both cardiac function and volume status. As in the dynamic
variation seen in arterial waveforms during positive pressure
ventilation, fluid responsiveness can also be predicted using
respiratory variations in left ventricular stroke area by TEE.
Comparing the use of pulmonary artery catheters with echocar-
diography in high-risk surgery patients, TEE may be the pre-
ferredmethod for rapid intraoperative cardiac evaluation when
evaluating hypotension not responsive to volume boluses.

Interestingly, more recently, positive fluid balance after elec-
tive AAA repair was retrospectively associated with a higher
rate of complications resulting in longer hospital stay. A follow-
up prospective randomized trial appears to confirm these find-
ings, arguing for a more restrictive fluid regimen.

Blood loss
The anesthesiologist should resuscitate bleeding patients while
being mindful of coagulation parameters. The greatest portion
of blood loss during the normal progression of an elective AAA
repair usually occurs during the aortotomy, while controlling
retrograde bleeding from the lumbar arteries. Although bleed-
ing from graft anastomoses does occur, it generally is not copi-
ous. In contrast, inadvertent venous injury to the vena cava,
inferior mesenteric vein, iliac veins, or left renal vein, especially
at its confluence with its associated lumbar and gonadal veins,
may be very difficult to control.

Documented risk factors for blood loss and transfusion
in elective AAA repairs include body weight, renal impair-
ment, low hemoglobin and platelet counts, iliac artery involve-
ment, large aneurysm, bifurcated graft, large graft diameter,
prolonged aortic clamping time, and long operation time. One
can decrease transfusion of allogenic blood by using normov-
olemic hemodilution and intraoperative cell salvage. There is
debate regarding an appropriate target hematocrit and the tim-
ing of transfusion. In the absence of acute myocardial ischemia,
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allowing a hematocrit to fall to the mid-20 range is acceptable.
Lower hematocrits leave a narrowmargin in case of unexpected
blood loss. Frugality with transfusions is important, given the
associated immunosuppression and documented increase in
nosocomial infections in vascular surgery patients. Massive
blood loss and transfusionsmay result in coagulopathy that can
exacerbate bleeding.

In cases of ruptured AAA, the coagulopathy may be severe
and portends a poor outcome. There are data suggesting that
proactive transfusion of platelets and plasma improves coag-
ulation competence, reduces hemorrhage, and may improve
survival in patients with ruptured aneurysms. Patients under-
going elective repair of AAAs demonstrate similar, albeit less
dramatic, changes in platelet counts and coagulation parame-
ters. Aortic surgery may lead to thrombocytopenia via platelet
sequestration into the graft. Later, patients develop hyper-
fibrinogenemia and thrombocytosis. These changes may rep-
resent a hypercoagulable state that predisposes these patients
post-operatively to thrombotic complications.

Cross-clamping
Obtaining proximal control prior to incising the aneurysm
requires placing an aortic cross-clamp. This maneuver is the
crux of many physiologic alterations specific to aortic surgery
(Fig. 82.4). The degree of the changes seen relates to the level
and the duration of the cross-clamp. Aortic cross-clamping pre-
dictably increases systemic vascular resistance, with an increase
in blood pressure above the clamp.This increase not only is the
result of a mechanical effect of the cross-clamp increasing resis-
tance, but also is related to activation of the renin/angiotensin
axis and release of prostaglandins, catecholamines, and other
vasoactive substances. There is a decrease in venous capacity
from active venoconstriction distal to the clamp that results

in an “autotransfusion” of volume into the circulation proxi-
mal to the clamp. A supraceliac position of the clamp produces
splanchnic venous constriction and a substantial increase in
venous return to the heart. Infraceliac clamping may be asso-
ciated with a shift in blood volume from veins in the pelvis and
lower extremities to the compliant splanchnic veins, which will
attenuate preload changes.

The response to the clamp placement also depends on the
ability of the heart to handle an increased preload from splanch-
nic venoconstriction. In healthy hearts, filling pressures appear
to remain unchanged. Vasodilators such as nitroglycerin often
are not needed to reduce blood pressure, as inhalation anes-
thetics generally suffice. If the cardiac function is abnormal,
then a different hemodynamic profile may ensue.With an acute
rise in afterload – and possibly also preload, depending on
clamp position – cardiac outputmay decrease while filling pres-
sures increase. Negative inotropic effects of volatile agents and
�-adrenergic antagonists need to be carefully titrated in such
patients. Collateral flow maintains some perfusion distal to
the clamp, albeit at reduced levels. Any vasodilators given to
treat proximal hypertension will exacerbate hypotension and
ischemia distal to the aortic clamp. Administering vasodilators
may worsenmesenteric and renal perfusion while not necessar-
ily preventing wall motion abnormalities if the aorta is clamped
proximal to the renal or celiac arteries. Therefore, the target
blood pressure should be carefully selected to perfuse organs
distal to the clamp without jeopardizing the myocardium.

Unclamping
Once the aortic graft is sutured in place, the aorta is unclamped,
allowing restoration of distal perfusion (Fig. 82.5).This maneu-
ver consistently produces a profound (70%–80%) decrease in
vascular resistance and blood pressure. The left ventricular
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Figure 82.4. Physiologic changes with aortic
cross-clamping. SplVT, splanchnic venous tone.
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Figure 82.5. Physiologic changes after aortic
un-clamping.

filling pressure decreases by 42% compared with baseline val-
ues and by 60% compared with values during clamping. Car-
diac output may increase, decrease, or remain unchanged.
Blood flow through the carotid arteries decreases, whereas
blood flow through the femoral arteries increases. Reperfu-
sion of the ischemic distal half of the body liberates prod-
ucts of anaerobic metabolism produced during the cross-clamp
period. Prior to removing the cross-clamp, any vasodilators
should be minimized or discontinued and the blood pressure
should be allowed to rise moderately barring any contraindi-
cations. Preemptive loading of the vascular space with intra-
venous fluidswill attenuate the fall in blood pressurewith clamp
removal.

Some anesthesiologists use nitroglycerin to dilate veins dur-
ing the cross-clamp period to facilitate fluid loading without
causing hypertension.Thismay decrease the degree of hypoten-
sion from aortic unclamping. Perhaps most importantly, the
cross-clamp should be removed gradually to allow the body to
adjust to the decrease in systemic vascular resistance and reper-
fusion of the pelvis and lower extremities. The drop in blood
pressure with cross-clamp removal is more profound when a
tube graft has been used for reconstruction, because both legs
are reperfused simultaneously. Sequential clamp removal in a
bi-iliac or bifemoral reconstruction is more easily tolerated. In
addition to vasoconstrictors for blood pressure, calcium and
bicarbonate may be used to offset the effect of potassium and
lactate on the heart after reperfusion.

Kidney

Ruptured
abdominal aorta

Retroperitoneal
blood

Vertebra

Figure 82.6. CT scan of a ruptured AAA.

Ruptured aneurysm
Ruptured aortic aneurysms present a more dramatic chal-
lenge for the anesthesiologist and surgical team. Rupture of the
aneurysm into the peritoneal cavity is often a lethal event, and
those patients do not survive to the hospital. Alternatively, a
viable blood pressure in a patient with a ruptured aneurysm
likely indicates that the rupture is contained in the retroperi-
toneum (Fig. 82.6). Patients are volume depleted and often
hemodynamically unstable. Generally, they are taken immedi-
ately to the operating room for exploration and repair, after the
suspected diagnosis is confirmed with ultrasound. Induction
of anesthesia should be done cautiously, as a rapid induction
of general anesthesia with medications that may both decrease
vascular tone and have negative ionotropic effects, in addi-
tion to positive pressure ventilation, may result in profound
hypotension in volume-depleted patients. For this reason, the
patient’s abdomen is prepped and drapes are placed prior to
induction. The surgeon should be poised to enter the abdomen
and to gain control of the aorta just below the diaphragm to
restore blood pressure. Vasoconstrictors may be needed as a
bridge while blood is transfused.

Postoperative care and complications
Postoperatively, patients recover in the intensive care unit. The
timing of extubation is decided by the anesthesia and critical
care teams. Patients without lung disease or other contraindi-
cations may be extubated in the operating room. Epidural anal-
gesia is particularly helpful in patients with poor lung function
to minimize pain and achieve adequate ventilation. Preexisting
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Table 82.1. Postoperative complications after AAA repair

Prolonged intubation
Hypervolemia
Myocardial ischemia and infarction
Renal insufficiency or failure
Mesenteric ischemia
Spinal cord ischemia
Infection of graft
Pneumonia and atelectasis

poor pulmonary function may be exacerbated by fluid admin-
istration and postoperative pain. Although underresuscitation
should be avoided, similar care should be taken to avoid fluid
overload, as this may result in prolonged ventilatory depen-
dence.

Once patients have demonstrated hemodynamic stability
without pharmacologic support and can breathe with onlymin-
imal oxygen supplementation, they generally can be cared for
on a regular ward. Although some authors advocate advanc-
ing patients’ diet early, this should be done carefully because
postoperative ileus is common. Epidural analgesia can decrease
the duration of postoperative ileus. Opioids should be titrated
to patient comfort and respiratory rate. Patients generally
can be transitioned to patient-controlled analgesia systems
and eventually to oral opioid formulations. Nonsteroidal anti-
inflammatory drugs and acetaminophen should be used, when
possible, to reduce opioid requirements. This strategy will
decrease the risk of delirium and improve gut motility.

As mentioned, perioperative myocardial ischemia is quite
common in patients undergoing AAA repairs, and often occurs
during clamp placement (Table 82.1). The anesthesiologist
can minimize the risk of cardiac events by administering �-
adrenergic antagonists. However, most myocardial infarctions
actually occur postoperatively. Relative sympathetic suppres-
sion during general anesthesia and lack of such suppression
postoperatively might partially explain this phenomenon. Per-
haps more attention needs to be given to controlling heart rates
in the postoperative period.

Postoperative renal insufficiency is relatively common after
aortic surgery. Mortality is four to five times greater in patients
with renal failure requiring dialysis than in those without renal
impairment. The level of the cross-clamp affects the degree of
ischemic insult. There is a 5% rate of renal failure in infrarenal
versus 17% in suprarenal clamping. With suprarenal clamp-
ing, the renal blood flow decreases by 80%. Renal blood flow
is decreased by 45%, with infrarenal occlusion suggesting that
endogenous vasoconstrictors play a role in the altered renal
perfusion. Altered renal blood flow persists at least an hour
after cross-clamp removal. As might be expected, intraopera-
tive urine output is not predictive of postoperative renal func-
tion in euvolemic patients. The presence of preoperative renal
impairment is the most important factor in predicting postop-
erative renal failure. Current evidence has not shown the benefit
of pharmacologic renal protective strategies. Such approaches
have included dopamine, fenoldopam, angiotensin-converting

enzyme inhibition, thoracic epidural analgesia, prostaglandins,
furosemide, and mannitol.

The incidence of mesenteric ischemia ranges from 0.6% in
elective aortic surgery to 7% in ruptured AAAs. The mortal-
ity for postoperative bowel ischemia is about 50% overall, but
it rises to 90% with full-thickness gangrene and peritonitis. It
is highest in patients with a history of colon resection. In such
patients, the collateral blood supply to the rectosigmoid area is
compromised.Other factors that contribute to ischemia include
the level and duration of aortic occlusion, preoperative renal
dysfunction, intraoperative hypotension, the severity of the aor-
tic disease, and lack of attention to bowel retraction during sur-
gical exposure. Given the lethality of mesenteric ischemia, any
blood in the stool must be evaluated with endoscopy. Finally,
aorto-enteric fistulas are late gastrointestinal complications that
may occur months to years after the initial operation. The fis-
tula generally forms between the proximal anastomosis and the
overlying duodenum. Patients with a history of AAA repair
who present with gastrointestinal bleeding need to be evaluated
quickly by endoscopy and possibly arteriography.

There is a paucity of literature on the effect of abdominal aor-
tic cross-clamping on the central nervous system. Spinal cord
ischemia occurs 0.2% of the time in elective surgeries involv-
ing the distal aorta and is more common in patients presenting
with ruptured aneurysms. The spinal cord is supplied by two
posterior spinal arteries that supply 25% of the spinal cord’s
blood flow and one anterior spinal artery that provides 75%
of the total perfusion. The anterior spinal artery is supplied
by radicular arteries, and collateralization is poor. The artery
of Adamkiewicz is a radicular artery that provides blood to
thoracolumbar spinal cord and joins the anterior spinal artery
between T8 and T12 in 75% of cases and between L1 and L2 in
10%of cases.Thus, high cross-clamping of the aortamay impair
spinal cord perfusion.Measures to prevent spinal cord ischemia
include a short aortic occlusion time and maintenance of ade-
quate blood pressure while the cross-clamp is in place.

Most postoperative infections involve the skin. Infection of
the prosthetic device occurs in about 1% to 6% of patients. This
may be a devastating problem requiring prolonged treatment
with antibiotics and removal of the prosthesis, with an axillo-
bifemoral reconstruction. Anesthesiologists can reduce the rate
of graft infection by adhering to sterile technique during cen-
tral line placement and ensuring that preoperative antibiotics
are administered.

A successful outcome in aortic surgery requires a team
approach with attention to detail throughout the entire peri-
operative period. As the major cause of perioperative mortal-
ity is cardiac related, prevention of perioperative myocardial
ischemia should be a focus of the anesthesiologist caring for
these patients. The use of �-adrenergic blockade, appropriate
volume resuscitation, and administration of epidural analge-
sia affect patient outcome. Finally, the value of clinical expe-
rience caring for these patients must be emphasized given
the complexity and rapidity with which physiologic changes
occur.
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83 Endovascular abdominal aortic aneurysm repair
K. Annette Mizuguchi

With the introduction of endovascular abdominal aortic
aneurysm repair (EVAR) in 1991 by Parodi et al., treat-
ment options for abdominal aortic aneurysms (AAAs) have
expanded to conventional open surgical repair or endovascu-
lar repair. Clearly, asmore vascular surgeons and interventional
radiologists overcome the learning curve for the endovascu-
lar approach and as endografts with a better long-term record
become available, more patients will be offered the endovascu-
lar approach.

Surgical considerations
Certain anatomic requirements must be met for a patient to
be a candidate for the endovascular approach (Fig. 83.1). The
procedure consists of endograft placement in the infrarenal
aorta under fluoroscopic guidance and use of digital subtrac-
tion angiography (Fig. 83.2). Bilateral iliofemoral arterial access
is obtained by either percutaneous or surgical exposure; the
vascular sheath is introduced on one side, and arterial access
is obtained on the contralateral side for angiography. Systemic
anticoagulation is achieved with heparin to an activated coagu-
lation time of 250 seconds (2–2.5 times the baseline value). Dur-
ing the procedure, the breath-hold technique is used to optimize
the image quality of digital subtraction angiography.

Anesthetic considerations
All patients scheduled for EVAR have the potential for conver-
sion to an open repair. Therefore, all patients should undergo a
thorough preoperative evaluation and optimization of comor-
bidities similar to patients undergoing open AAA repair.

In addition to standard American Society of Anesthesiolo-
gists monitors, an arterial line to monitor the blood pressure
and two large-bore intravenous lines are usually placed. The
need for central access is dictated by the patient’s preoperative
status, the need for venous access, and the possibility of convert-
ing to an open repair. Blood should be typed, and crossmatched
units should be in the room. Inotropic agents, vasopressors, and
vasodilators should be readily accessible. Because the procedure
is done under fluoroscopic guidance, special attention must be
paid to minimizing radiation exposure. After the procedure,
most patients are transferred to the recovery room rather than
the intensive care unit.

The patient can be managed under local anesthesia with
sedation, regional anesthesia (epidural, spinal, or combined
spinal/epidural), or under general anesthesia.The surgeon’s and
anesthesiologist’s preferences, as well as patient factors, dictate
the choice of anesthetic technique. For local and regional tech-
niques, patient cooperation and motivation are required (espe-
cially for the breath-hold technique during digital subtraction
angiography). The various anesthesia techniques have not been
shown tomake a clear difference in intraoperative complication
or mortality rates.

Renal
artery

Abdominal
aortic aneurysm

Common iliac
artery

Femoral
artery

AB

Figure 83.1. Anatomic requirements for infrared EVAR are listed as
follows: the aneurysmal aortic neck (“landing zone”) should be at least
15 mm (A); the infrarenal aortic neck diameter range should be 19 to
36 mm (B); one femoral artery must be free from significant occlusive dis-
ease and have a diameter > 7.7 mm; if the larger iliac is being used, it must
be free from tortuosity or excessive calcification; the distal attachment site
must be nonaneurysmal and of sufficient length to accommodate the graft;
and there should be at least one straight iliac artery that can be used as a
conduit for the delivery system.
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A B

Figure 83.2. Radiograph showing abdominal
aorta pre-repair (A) and post-repair (B).

Unlike open repair, in which the aorta is cross-clamped and
unclamped, EVAR is associated with relative hemodynamic sta-
bility. Large fluid requirements are not encountered because of
the reduced blood loss and minimal third space fluid losses.
Blood loss for EVAR has been reported to be around 100 to
500 ml, compared with 900 to 2300 ml for open repair.

Complications
Although EVAR is minimally invasive, it is associated with sev-
eral significant complications (Table 83.1). Endoleak is defined
as the presence of blood flow outside the endograft but within
the aneurysmal sac, and it can occur in the acute setting dur-
ing endograft implantation or anytime during the postoperative
surveillance period (Table 83.2). Therefore, patients are sub-
sequently followed up with surveillance CT scans at 1 month,
6 months, 12 months, and annually thereafter. Type I and III
endoleaks require fairly urgent interventions because blood
flow and sac pressure will continue to increase and lead to rup-
ture. Type IV endoleaks usually resolve with time. The man-
agement of type II endoleaks is more controversial, because
some will thrombose on their own whereas others will lead to

Table 83.1. Complications of endovascular aneurysm repair

� Endoleak
� Migration of stent graft
� Surgical conversion
� Acute rupture: more likely during graft deployment but may occur at

any time during EVAR
� Misdeployment, malpositioning, stent graft migration
� Embolic events
� Paralysis
� Local site injury
� Infection
� Groin wound healing problems
� Systemic injury

sac enlargement. Increases in aneurysm diameter and possi-
ble device migration are also followed up with surveillance CT
scans.

Management of patients coming to the operating room for
surgical intervention of a type I or III endoleak may be more
complex. In addition to the fact that many of these proce-
dures will be urgent or emergent in nature, and that these
patients likely will have more significant comorbidities, which
made them endovascular candidates in the first place, they may
require a suprarenal or supraceliac cross-clamp for their surgi-
cal repair.

EVAR is associated with renal dysfunction, and the etiol-
ogy is multifactorial. Contrast dye used during the procedure
has been implicated, and the prevention of contrast-induced
renal dysfunction with the use of hydration, N-acetylcysteine,
or bicarbonate has been advocated. The position of the graft
is another factor. With the use of suprarenal fixation devices,
graft material may inadvertently be placed over the renal artery
ostium, leading to renal dysfunction. Even with perfect device
placement during the procedure, with time, device positionmay
change and alter the relationship of the graft to the renal artery
ostium, leading to renal dysfunction that is not seen immedi-
ately after the procedure.

Endovascular repair of thoracic
aortic aneurysms
Anesthetic considerations for endovascular repair of thoracic
aortic aneurysms (TAAs) are similar to those for EVAR. The
potential for conversion to an open repair and for major blood
loss exists. Transesophageal echocardiography may be used to
visualize the undeployed stent–graft in relation to the aortic
pathology. Unfortunately, the echo probe interferes with fluo-
roscopic imaging and can be used only between fluoroscopic
examinations. Certain TAAs require a combined approach:
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Table 83.2. Types of endoleaks

Type of
endoleak Causes Description

Recommended
treatments

I Seal failure Occurs from the attachment sites at the proximal or distal ends of the graft and is a
result of failure to seal attachment sites of the endograft to the native vessels. This type
is associated with rupture and is treated aggressively.

Repair in the operating room.

II Retrograde flow Occurs from retrograde flow (back-bleeding) from tributaries that have not thrombosed
such as lumbars or the inferior mesenteric artery following aneurysm exclusion. Most
have a benign course and will resolve spontaneously.

Can be observed for 6 months
if there is no sac expansion.

III Graft defect Occurs from defect within the graft from module disconnection or fabric tear. This type
needs to be repaired immediately with a modular extension or covered stent.

Repair at the time of detection.

IV Fabric porosity Occurs through intact but porous fabric. No specific treatment is
necessary.

open surgical repair with cardiopulmonary bypass for the
ascending aorta and an endovascular repair for the descend-
ing aorta. Similar to the open TAA repair, there is potential for
paraplegia.Therefore, many surgeons and radiologists prefer to
place a spinal drain prior to the procedure. However, the ben-
efit of perioperative salvage spinal drain placement remains to
be determined.

Future
Since its introduction, the field of endovascular repair has
greatly advanced. Currently, many centers are treating most
of their elective, infrarenal aneurysms endovascularly. Endo-
grafts are being developed that will accommodate aneurysms
currently excluded because of anatomic restraints. It is foresee-
able that with the advancement of the field, endovascular treat-
ment will expand to include patients with ruptured or urgent
aneurysms as well, including more complicated patients with
various comorbidities and advanced age, who would otherwise
have been deemed untreatable.

However, more studies comparing the outcome of long-
term morbidity, mortality, and quality of life need to be made
before definite conclusions can be made. At present, although
randomized controlled studies indicate that short-termmortal-
ity is improved by 3%with EVAR, it was associatedwith a higher
number of complications and reinterventions.
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84 Peripheral vascular disease
Laura H. Leduc and James L. Helstrom

Atherosclerosis is one of the etiologies of peripheral vas-
cular disease (PVD) and is associated with specific risk
factors, including diabetes mellitus, hypertension, hypercholes-
terolemia, and tobacco use. PVD evolves from lipid deposits at
sites of vessel injury that form plaques along the intimal lumen.
Further lipid accumulation and hemorrhage into these plaques
ultimately result in narrowing of the arterial wall and inade-
quate blood supply to tissues distal to the lesion. These lesions
frequently occur at major arterial bifurcations.

Claudication
Claudication is the clinical description for functional ischemia.
It is characterized by reproducible lower-extremity muscle pain
induced by a defined amount of activity and relieved by rest.
The symptoms result from the inability of the vasculature to
provide blood flow commensurate with the metabolic demand
of the exercising tissue. A subset of patients with claudica-
tion will go on to develop pain at rest or critical ischemia. In
this circumstance, arterial perfusion is inadequate to meet the
resting demands of tissue, which is an indication for surgical
intervention.

Medical therapy for peripheral arterial disease is essential.
Smoking is an independent risk factor for worsening of limb
ischemia and continued progression of atherosclerosis.

The overall survival rate for patients with claudication is
significantly lower than that for age-matched control subjects.
Causes of death are most likely to be coronary and cerebral vas-
cular accidents. In fact, evidence indicates that the incidence of
perioperative cardiac events is higher after surgery for periph-
eral vascular conditions than for open aortic procedures.There-
fore, it is imperative that these patients be managed with the
same thorough preoperative risk assessment and intraopera-
tive vigilance that would be used for patients undergoing other
major vascular procedures.

Preoperative considerations
Patients undergoing peripheral vascular surgery are at high risk
for perioperative complications including myocardial ischemia
and infarction, respiratory failure, renal failure, graft failure,
and death. Infrainguinal arterial bypass surgery is associated

with a 30-day mortality rate of nearly 6% and 1-year mortal-
ity exceeding 16%. Perioperative myocardial infarction (MI)
occurs in 4% to 15% of patients undergoing peripheral vascu-
lar surgery and accounts for � 50% of perioperative mortality.
Therefore, preoperative evaluation of the patient’s cardiac status
is of the utmost importance and is based on recommendations
by the American College of Cardiology (ACC).

Formajor vascular procedures, no difference in outcomehas
been demonstrated betweenmedical management for coronary
artery disease (CAD) and interventional management includ-
ing both percutaneous and surgical coronary artery bypass
grafting procedures. Medical treatment typically takes the form
of �-blockers, statins, and aspirin, as well as management of
hypertension and/or congestive heart failure, if present.

History and examination
The history and physical examination usually focus on the car-
diovascular system, as this is a major cause of mortality in this
patient population. Specifically, clinicians should elicit a his-
tory of nocturnal dyspnea, orthopnea, or anginal symptoms,
whereas the examination should elicit evidence of murmurs,
heart failure, or bruits. Often, themost useful part of the cardio-
vascular examination is a conversation with the patient regard-
ing his/her functional status. A patient’s ability to achieve a
minimum exercise capacity of four metabolic equivalents of
task (MET) is consistent with adequate functional status and is
a key decision point in the American Heart Association/ACC
guidelines.

Preoperatively, blood pressure should be assessed in both
arms, as a discrepancy due to subclavian artery stenosis or
upper-extremity vaso-occlusive disease may confound intra-
operative monitoring and management. A difference of �20%
between mean values is considered significant. In these cases,
blood pressure monitoring should be undertaken on the side
with the higher blood pressure, as this is more likely indicative
of aortic root pressure. Beyond the careful cardiac history and
examination:

� A baseline electrocardiogram (ECG) should always be
obtained as a means of comparison for demand ischemia
that may develop intra- or postoperatively.
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� A full neurologic examination should be completed, as
there may be baseline deficits due to the increased
incidence of cerebrovascular disease.

� Diabetic patients should be evaluated for autonomic
neuropathies that may be associated with silent myocardial
infarction, labile blood pressure, and delayed gastric
emptying. In particular, brittle diabetics require
intraoperative monitoring of blood sugars with possible
insulin administration.

� Renal protection strategies, including hydration, sodium
bicarbonate administration, and N-acetylcysteine
prophylaxis, should be considered because baseline renal
insufficiency may be exacerbated by administration of
contrast dye.

� A coagulation profile should be considered given the
widespread use of anticoagulation strategies in this
population.
In cases of threatened limb loss, a thorough preoperative

evaluation may need to be deferred, depending on the urgency
of the procedure. In the absence of a thorough history, labora-
tory, and cardiac evaluation, underlying CAD and other comor-
bidities should be assumed andmanaged as carefully as possible
without delay of the surgical intervention.

Medications
Patients taking �-blockers for the treatment of previous MI,
angina, symptomatic dysrhythmias, or hypertension preoper-
atively should continue to do so throughout the periopera-
tive period. Additionally, patients undergoing vascular surgery
who are at high cardiac risk may also benefit from initiation of
�-blocker therapy. Although several case reports have been
published suggesting an association between continued statin
therapy and postoperative rhabdomyolysis, a cause-and-effect
relationship has not been well established. Moreover, given the
anti-inflammatory benefits of these agents in the context of
atherosclerotic disease and demonstration of clinically worse
outcomes following discontinuation prior to major noncardiac
surgery and in the presence of ischemia, these agents should
be continued through the perioperative period in high-risk
patients.

Careful consideration should be given to the decision to dis-
continue inotropic agents, because such action may precipitate
symptomatic worsening of symptoms. Although ACE inhibitor
treated patients may be at increased risk for severe postinduc-
tion hypotension, abrupt discontinuation may adversely affect
blood pressure control.The decision to discontinue these agents
perioperatively should be made on a case-by-case basis and
weigh the risks of increasing afterload against the benefits of
mitigating the potential hypotensive response to induction of
anesthesia.

Finally, the decision to continue aspirin therapy periop-
eratively should be made in conjunction with the surgical
team. Although continued aspirin therapy is associated with
increased blood loss, this has currently not been linked to

increased postoperative morbidity or mortality. Indeed, aspirin
discontinuation has been suggested to increase the risk for coro-
nary events, with preliminary data pointing to a maximum risk
at 10 to 12 days following cessation. Continued aspirin therapy
is not a contraindication to neuraxial anesthesia, although con-
comitant intraoperative heparinization may increase the risk of
epidural hematoma.

Evaluation of PVD
Clinically, PVD is characterized by deteriorating distal blood
flow in the lower extremity. This is evaluated by measuring the
ankle-brachial index (ABI). The ABI is obtained by comparing
the systolic blood pressure in the upper extremity with the cor-
responding pressure in the ankle.

At this time, fluoroscopic angiography is the gold standard
for diagnosis and operative planning for patients with periph-
eral arterial disease. However, magnetic resonance angiography
has the potential to replace invasive angiography because image
quality is excellent, yet the procedure is noninvasive, does not
require operative time, and reduces the risk of contrast-induced
nephropathy.

Surgical approach
Surgical literature suggests that native vein conduits are supe-
rior to prosthetic grafts over the long term. Venous mapping
may be done preoperatively to identify targets for harvest. Vein
harvested from the arms obviates the use of regional techniques
for lower-extremity revascularization procedures.

The inflow source is often the common femoral, superficial
femoral, or deep femoral artery. The target distal artery is usu-
ally at the knee level or below.The distal anastomosis usually is
connected first, followed by the proximal anastomosis.

Infrainguinal bypass procedures are indicated for salvage
of severely ischemic lower extremities. Patients may present
with gangrene, ischemic ulceration, or rest pain. Patients who
demonstrate acute symptom onset likely are suffering from
thromboembolic disease, whereas those who present with grad-
ual worsening of disease likely are suffering from arterial
atherosclerosis causing progressive luminal narrowing. Patients
are likely to re-present, as graft patency decreases over the long
term.

Arterial embolectomy is likely to be performed under emer-
gent circumstances; bypass revascularization is undertaken
after longer periods of ischemia but is less effective. Throm-
boembolism causes acute arterial insufficiency and is often
associatedwithMI,mitral stenosis, or atrial fibrillation.Throm-
boembolic disease also may result from thoracic or abdominal
aortic aneurysms, severe atherosclerotic disease, or paradoxic
emboli via a patent foramen ovale. In the lower extremities,
emboli are likely to lodge at the iliac, femoral, or popliteal
arteries.

Intraoperative heparinization is used to prevent clot for-
mation associated with vessel cross-clamping. Because of the
risk of graft failure, heparinization is often not reversed with
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protamine. It is essential to consider this in the event of a
traumatic needle placement for neuraxial anesthesia, as hep-
arinization with concomitant aspirin use increases the risk of
epidural hematoma. As patients return for repeated procedures,
it is possible to see an increase in the incidence of heparin-
induced thrombocytopenia. Therefore, familiarity with the
risks and dosing of thrombin inhibitors will be of increasing
importance.

Intraoperative considerations
Anesthetic techniques
Anesthetic options include both general and regional tech-
niques. The decision as to which method is best should take
into account patient preference, surgical technique, and oper-
ator prowess, as well as each patient’s comorbidities. Patients
presentingwith peripheral artery embolism are likely to be anti-
coagulated at the time of diagnosis and thus are not candidates
for neuraxial anesthesia.

When not contraindicated, administration of neuraxial
anesthesia may reduce the incidence of perioperative mortal-
ity and cardiac and respiratory morbidity. Epidural anesthesia
has been shown to modify the stress response associated with
surgery, but there is not enough evidence to indicate whether
this is of clinical significance.However, there is limited evidence
to suggest an improved graft patency rate with regional anes-
thesia, which is desirable given an incidence of graft occlusion
ranging from 2% to 20%.

Regional anesthesia
Regional anesthesia is an option for patients with a normal
coagulation profile. It is worth considering either epidural or
spinal catheters, because these allow repeated administration
of local anesthetics during these procedures. Fluids must be
administered judiciously, as they may lead to congestive heart
failure in patients as the vasodilation caused by regional sym-
pathectomy dissipates. Epidural test dosing in this population
frequently is based on systolic bloodpressure, because heart rate
responsiveness is diminished in elderly patients and individuals
taking chronic �-antagonists.

General anesthesia
Following adequate preoxygenation, induction of general anes-
thesia should minimize hemodynamic impact during place-
ment of the endotracheal tube or laryngeal mask airway. This
can be done with either propofol, given in incremental doses,
or etomidate.The time to peak effect of propofol may approach
2 minutes, and an effective induction often can be achieved
with doses of 1 mg/kg. If an arterial line has not been placed,
the blood pressure cuff may be cycled every 1 to 2 minutes
during periods of hemodynamic instability such as induction
and emergence. A phenylephrine infusion may be placed inline
prior to the induction of anesthesia, and esmolol and gly-
copyrrolate are useful adjuncts to traditional emergency med-
ications. In patients with severe CAD or an ejection fraction

� 40%, consideration is given to using norepinephrine instead
of phenylephrine because of the transient impairment of left
ventricular systolic performance induced by phenylephrine.

Anesthetic maintenance
Anesthetic maintenance can be accomplished in a variety of
ways, typically with use of inhaled agents. Recent data suggest
that forgoing nitrous oxide is associated with improved wound
healing and reduced pulmonary complications. However, these
data have not been validated specifically in vascular patients and
must be weighed against the hemodynamic stability afforded
by nitrous oxide use. Invariably, vascular repair involves arte-
rial cross-clamping, with resultant ischemia in the affected limb.
Byproducts of limb ischemia include vasodilatory metabolic
products and carbon dioxide. Reperfusion of the affected area
causes formation and release of toxic compounds (including
oxygen free radicals) that may lead to hemodynamic instability.
Clinicians should be aware of these effects and have a plan for
the use of vasoactive agents and/or volume infusion tomaintain
hemodynamics. Patients with obstructive lung disease alsomay
have difficulty eliminating the additional carbon dioxide. This
may be a serious issue in patients with underlying pulmonary
hypertension and/or right ventricular dysfunction.

Monitoring
Patient comorbidities should determine monitoring require-
ments. At a minimum, standard American Society of Anes-
thesiologists monitors should be used. ECGmonitoring should
include a precordial V4 or V5 lead because this lead is particu-
larly sensitive for demonstrating signs of myocardial ischemia.
Invasive monitoring of arterial blood pressure often is used,
for a variety of reasons; patient comorbidities and the surgical
plan should drive decisionmaking. Catastrophic drops in blood
pressure may be encountered during anesthetic induction, in
the case of loss of proximal arterial control of large vessels,
or during reperfusion. Hemodynamic lability also may occur
as a result of baseline hypertensive disease, dysrhythmias, or
ventricular dysfunction. Central venous and pulmonary artery
monitoring is not routine and should be based on individual
patient comorbidities.

Postoperative considerations
Postoperative complications may include congestive heart fail-
ure, myocardial ischemia, hypothermia, and graft occlusion.
Hypothermia should be avoided, as associated vasoconstric-
tion may limit outflow to the graft and compromise graft
patency. Patients should continue to be monitored for myocar-
dial ischemia and failure in the postoperative period, because
most cardiac complications arise 48 to 72 hours into the post-
operative period. If a neuraxial technique has been used,
patients should be monitored for formation of epidural hema-
toma. Moreover, anticoagulation may be important in the
postoperative period, and careful communication between
anesthetic and surgical teams to allow for the removal of any in
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situ catheters is critically important. Expeditious workup and
intervention are required if epidural hematoma is suspected,
because the risk of permanent neurologic damage increases
with time.
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85 Respiratory physiology
Shannon S. McKenna

The primary purpose of the respiratory system is to facilitate
uptake of oxygen and removal of carbondioxide from the blood.
This gas exchange is necessary to support the metabolic func-
tions of the cells and organs that comprise the human body.

Functional anatomy of the respiratory system
The thorax
The thorax is a semirigid asymmetric cylinder that increases
and decreases in volume during the respiratory cycle. These
changes in thoracic volume result in lung inflation and defla-
tion. Bony support comes from the thoracic vertebral column,
ribs, and sternum.The superior and inferior borders are the tho-
racic inlet and the diaphragm, respectively.

Respiratory muscles
The diaphragm is the primary inspiratory muscle. Its descent,
with contraction, increases the vertical dimension of the tho-
rax. Contraction of the external intercostal muscles elevates the
ribs anteriorly, increasing the diameter of the thorax. The ster-
nocleidomastoid and scalene muscles serve as accessory inspi-
ratory muscles during labored breathing. Normally, expiration
is passive and driven by elastic recoil. In some settings, expira-
tion is active and driven by abdominal muscle contraction.The
internal intercostals also assist in active expiration by pulling
the ribs downward.

Airways and lung parenchyma
The tracheobronchial tree is a complex structure with 23 gen-
erations of division. Airways are described by both anatomic
location and function. Anatomically, the two lungs are divided
into a total of five lobes (three on the right). Each lobe is then
divided into segments.There are 42 segments in total: 22 on the
right and 20 on the left. Knowledge of the normal segmental
anatomy of the lung is essential for proper use of lung isolation
techniques during one-lung anesthesia.

From a functional standpoint, the first 17 divisions are pro-
gressively smaller conducting airways that carry gas but do not
participate in gas exchange.The larger of these airways are sup-
ported by cartilaginous rings and have smooth muscle present
in their walls. Their mucosa is ciliated columnar or cuboidal.

Around the 17th generation, the mucosa transitions to
epithelium and alveoli began to appear, marking the beginning
of the respiratory zone. Alveolar walls are thin, allowing close
contact between type I alveolar cells and the dense pulmonary
capillary network. Oxygen and carbon dioxide are exchanged
by diffusion. Type II alveolar cells produce surfactant and can
divide to replace damaged type I alveolar cells. The epithelial
junctions are tight and water impervious in the absence of lung
injury. The interstitial space contains elastin and collagen, pro-
viding architectural support and elastic recoil.

Pulmonary circulation
The lungs are supplied by a dual circulation. The bronchial
arteries arise from the aorta and provide for the nutritive
needs of the conducting airways. The pulmonary arteries carry
mixed venous blood from the right ventricle to the pulmonary
capillary network, where oxygen uptake and carbon dioxide
elimination occur. Relatively large junctions in the pulmonary
capillary endothelium permit filtration of large molecules such
as albumin, as well as macrophages and neutrophils. Filtered
fluid and cells are cleared by the pulmonary lymphatic system.
Oxygenated blood is returned to the left atrium via the pul-
monary veins. The details of gas transport are discussed in a
separate chapter.

Mechanics of breathing
Airflow occurs secondary to the generation of pressure gra-
dients from the upper airway to the alveoli. During sponta-
neous ventilation, contraction of inspiratory muscles causes
an increase in thoracic volume. As a result, pleural pressure
decreases. Subsequently, alveolar pressure drops and gas flows
along the gradient (Fig. 85.1). During positive pressure ven-
tilation, the ventilator applies positive pressure to the upper
airways. Gas flows down the airways until alveolar pressure
equilibrates with upper airway pressure. At this point, flow
stops. Release, or lowering of the upper airway pressure, allows
airflow reversal and expiration to occur.

Determinants of flow and volume
The elastic properties of the pulmonary system determine the
lung volume that results from the application of any given static
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pressure. The elastic forces of the chest wall and lung move in
opposite directions: the chest wall expands outward and the
lung collapses inward. Compliance is the term that may be used
to describe the change in volume that occurs with any given
applied pressure. The compliance of both the chest wall and
lung can be determined. The combination of the two creates
the compliance of the pulmonary system as a whole (Fig. 85.2).
Many diseases alter the compliance of the pulmonary system
(Fig. 85.3).

Compliance describes the static inflation of the lung. Once
flow is present (as is necessary for breathing), resistance to gas
flow must be factored in. Gas flow through airways may be
either laminar or turbulent. Turbulent flow typically occurs at
higher flow rates, branchpoints, sharp angles, or abrupt changes
in diameter. Helium, which has a lower density than oxygen or
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Figure 85.2. Pressure–volume relationships of the lung, chest wall, and lung
and chest wall combined.

air, may be used to decrease the resistance to flow in the set-
ting of severe turbulence. Resistance is inversely proportional to
the radius to the fourth power, and directly proportional to the
length of the airway.Not surprisingly, therefore, bronchospasm,
airway stenosis, obstruction, edema, and secretion accumula-
tion all lead to increased resistance.
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Figure 85.3. Pulmonary pressure–volume relationships in (A) normal lung,
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(curves) all change with disease.
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Work of breathing
Work of breathing represents the total energy used to move the
lung and chest wall. In most instances, active work occurs dur-
ing inspiration only. Expiration is achieved using energy stored
in the form of elastic recoil. At high minute ventilation or high
resistance, expiration does become an active process. During
inspiration, work is needed to overcome the elastic recoil of the
lung and chest wall, the resistance to gas flow, and the frictional
resistance of the tissue. Work may be calculated as the product
of the change in volume and the change in pressure (Fig. 85.4).
Normal tidal breathing by ahealthy person accounts for only 2%
to 3% of total body oxygen consumption. Increased tidal vol-
umes will increase the work needed to overcome elastic recoil,
whereas an increased respiratory rate increases thework needed
to overcome resistance. As a result, patients with increased air-
way resistance tend to breathe at slower rates with larger tidal
volumes to partially compensate for the increased work of
breathing.The converse is true for patients with decreased com-
pliance and stiff lungs or chest walls: they favor a rapid, shallow
breathing pattern. Respiratory muscle fatigue, a primary cause
of respiratory failure, may occur because of sustained increased
loads, muscle atrophy from disease or disuse, or mechani-
cal changes (such as a marked increase in functional residual
capacity [FRC]) that foreshorten the muscle fibers and limit
excursion with contraction, forcing a sustained increase in the
respiratory rate.

Control of breathing
Neuronal control of breathing originates from respiratory cen-
ters in the pons and medulla and is influenced by multiple
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inputs fromwithin the central nervous system. Rhythmic activ-
ity of the respiratory muscles maintains normal blood oxygen
and carbon dioxide levels. Central chemoreceptors respond to
changes in cerebrospinal fluid (CSF) pH. Because CO2 freely
crosses the blood–brain barrier, CSF pH changes with changes
in arterial CO2 concentrations. Minute ventilation increases
with increasing arterial CO2 in a nearly linear fashion (Fig.
85.5). Very high CO2 levels will depress ventilation, however.
Importantly, over time, bicarbonate is transported across the
blood–brain barrier and permits the CSF pH to return to nor-
mal in the face of sustained hypercarbia. This mechanism is
thought to account for the inappropriately low minute ven-
tilation observed in chronic obstructive pulmonary disease
(COPD) patients with chronic hypercarbia.

Several peripheral receptors also modulate ventilation.
Chemoreceptors in the carotid bodies and aorta detect changes
in arterial oxygen and CO2 tension, as well as pH and perfu-
sion pressure. Minute ventilation is increased in the setting of
a falling PaO2 or pH, or an increasing CO2 level. The response
to oxygen tension is not linear, however, and there is minimal
effect until the PaO2 is�50mmHg (Fig. 85.6). Bilateral carotid
body resection can completely ablate the hypoxic ventilatory
drive. A variety of receptors located in the lungs themselves also
modulate the neuronal control of breathing. Among other func-
tions, these receptors can trigger coughing, bronchoconstric-
tion, and sensations of dyspnea.

Several factors can change the ventilatory response to
carbon dioxide and oxygen. The CO2 response is blunted
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during sleep, by aging, and by drugs such as opiates, barbitu-
rates, and benzodiazepines. Concomitant hypoxia will increase
the response to a given degree of hypercarbia. Interestingly,
increased work of breathing, such as seen in the setting of nar-
rowed airways, blunts the hypercarbic ventilatory response.

Thematching of ventilation and perfusion
Distribution of ventilation
Aportion of the inspired gas never reaches the respiratory zone.
This gas occupies the upper airway, trachea, and other conduct-
ing airways. It is termed the anatomic dead space, and amounts
to about 150 ml in an average adult. The remainder of the
inspired volume has the potential to participate in gas exchange
and is termed the alveolar ventilation. Not all gas that reaches
the respiratory zone participates in CO2 elimination, however.
For example, gas flow to a set of alveoli that are not perfused
contributes additional dead space. The total dead space in the

lung is referred to as physiologic dead space and can be calcu-
lated using Bohr’s equation:

VD

VT

= PaCO2 − PECO2

PaCO2
.

Physiologic dead space represents 20% to 30% of the tidal
ventilation during quiet breathing in a healthy person. Cer-
tain lung diseases, such as COPD and acute respiratory distress
syndrome, markedly increase the physiologic dead space, pro-
foundly decreasing the efficiency of ventilation.

The distribution of ventilation is directly effected by grav-
ity. In an upright individual, the inferior portions of the lung
receive the most ventilation and the apical portions the least.
When the subject is supine, the highest ventilation occurs in the
posterior, most dependent regions.

Distribution of perfusion and the West zones
There is significant asymmetry of distribution of blood flow
within the human lung. In the upright position, blood flow is
directly influenced by gravitational forces and is lowest at the
apex and highest at the base. When body position is changed,
the distribution of blood flow tracks the changes in gravita-
tional forces, with the most dependent portions of the lung
seeing the greatest perfusion. Additionally, pulmonary capil-
laries are surrounded by alveoli, which are filled with gas at
the alveolar pressure.TheWest zones describe the relationships
among pulmonary alveolar, arterial, and venous pressures (Fig.
85.7). In zone 1, the alveolar pressure is higher than the arterial
and venous pressures and the blood vessels are collapsed. This
would occur in the setting of low arterial pressure (shock) or
high alveolar pressure (positive pressure ventilation) and cre-
ates areas that are ventilated but not perfused, thereby increas-
ing the amount of physiologic dead space. In zone 2, arterial
pressure exceeds alveolar pressure, but alveolar pressure is still
greater than venous pressure. As a result, blood flow is deter-
mined by the difference between arterial and alveolar pressures.
Once zone 3 is reached, the venous pressure finally is greater
than the alveolar pressure and flow is once again determined

Zone 1
PA > Pa > Pv

Zone 2
Pa > PA > Pv

Zone 3
Pa > Pv > PA

Alveolus

Arterial Venous

PA
Pa Pv

Upright A BSupine

Figure 85.7. West zones of the lung: (A) upright and (B) supine.
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by the more customary difference in arterial and venous pres-
sures. Some refer to a zone 4, which occurs in the most depen-
dent areas of the lung where atelectasis and low lung volumes
cause compression of the extra-alveolar vessels, resulting in an
overall decrease in flow to the region.

Matching ventilation and perfusion
Gravity has an important role in the distribution of both ven-
tilation and perfusion. However, gravity is not sufficient to
ensure maximal matching of ventilation and perfusion, which
is necessary for efficient gas exchange. This occurs primarily
as the result of hypoxic pulmonary vasoconstriction. Through
mechanisms not yet fully defined, low alveolar oxygen tension
leads to vasoconstriction of the small arterioles supplying that
region of the lung. Local blood flow is profoundly reduced. As a
result, blood flow is matched to areas of higher ventilation and
higher alveolar oxygen content. Inhaled nitric oxide will reverse
the vasoconstriction but acts only locally and thus only in the
regions where ventilation occurs.

Abnormalities in ventilation/perfusion matching:
the primary cause of hypoxemia
Several separate processes may lead to impairment of pul-
monary gas exchange. Abnormally low alveolar ventilation,
termed hypoventilation, results in more oxygen being taken up
at the alveolar capillary interface than is supplied to the alveoli,
leading to hypoxemia. At the same time, less carbon dioxide is
cleared and arterial hypercapnia occurs.

Shunt occurs when blood flows through areas of lung
that are not ventilated because of atelectasis or disease of the
parenchyma. Additionally, blood may bypass the pulmonary
circulation altogether.This occurs via the bronchial circulation,
right-to-left shunting in the heart, or coronary venous drainage.
This deoxygenated bloodmixeswith oxygenated blood from the
pulmonary veins in the left heart and decreases PaO2. Hypox-
emia due to shunt can be identified by giving a patient 100%
oxygen. Because the shunted blood bypasses the respiratory
interface, the PaO2 of the shunted blood does not increase and
provision of 100% oxygen will not fully correct the hypoxemia.
Shunt is not usually associated with hypercarbia, because even
small increases in the PCO2 result in compensatory hyperven-
tilation, which drives the PCO2 back to baseline.

Although hypoventilation and shunt bothmay cause hypox-
emia, the most common cause of hypoxemia clinically is
regional mismatching of ventilation to perfusion (V/Q). To
appreciate the importance of V/Q matching, one must recog-
nize that the concentration of oxygen, or any other gas, in an
alveolus is dependent on the rate at which the gas is added (ven-
tilation) and the rate at which the gas is removed (perfusion).
End capillary blood exiting an alveolus that is poorly ventilated
will have the characteristics ofmixed venous blood– ahigh con-
centration of carbon dioxide and a low concentration of oxy-
gen. On the other hand, blood exiting an alveolus with high
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normal lungs.

ventilation but poor perfusion will have a gas content that mir-
rors the inspired gas – high in oxygen and low in carbon diox-
ide. In an upright human, the V/Q ratio is highest at the apex
and lowest at the base. In a healthy individual, the V/Q ratios in
the lung are tightly distributed around the optimum ratio of 1.0,
allowing for efficient gas uptake (Fig. 85.8). Pulmonary diseases
broaden the distribution of the V/Q ratios, often with increases
in the number of alveolar units with both the low and high V/Q
ratios (Fig. 85.9). The overall result is worsened gas exchange,
with the balance between hypercarbia and hypoxia being deter-
mined by the exact nature of the redistribution. A significant
increase in the number of low V/Q units will result in hypercar-
bia, whereas an increase in the number of highV/Q units causes
hypoxemia. In vivo, hypercarbia is a potent stimulus for hyper-
ventilation. Most of the time, arterial CO2 will remain near
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normal at the expense of increased minute ventilation and
energy expenditure.

Pulmonary function testing
Pulmonary function tests permit specific, objective evaluation
of certain lung functions. They are used to help with diagnosis
and also may be used to monitor treatment effects or disease
progression. Pulmonary function testing has often been used
as part of the preoperative evaluation of patients presenting for
major surgery. These tests are most useful when used to evalu-
ate patients with significant underlying pulmonary disease for
major lung resection. In most other circumstances, pulmonary
function tests do not add significant additional information to
that obtained from a careful history and physical examination.
They should not be routinely ordered as part of a general peri-
operative evaluation.

Spirometry measures lung volumes and flows.The tidal vol-
ume can be measured during relaxed breathing. A more useful
volume is the forced vital capacity (FVC). To make this mea-
surement, the patient is asked to breathe in as deeply as possible
and then blow out as hard and fast as he or she can.The exhaled
volume is the FVC.There is always some air left in the lung; this
is termed the residual volume (RV), and it cannot be measured
using spirometry. Total lung capacity is the sum of the FVC and
RV and also cannot be measured with spirometry (Fig. 85.10).

Several useful measurements of flow can be determined
using spirometry. The most commonly used clinically is the
forced expiratory volume in the first second of expiration
(FEV1).Normally, 80%of the FVC is expelled in the first second.
The combination of the FVC and FEV1, especially when nor-
malized to the percent predicted based on gender, age, and body
size, allows one to distinguish between restrictive and obstruc-
tive pulmonary diseases. In the setting of a restrictive disease,
such as pulmonary fibrosis, both the FVC and the FEV1 will be
reduced, but the ratio of the two will essentially be unchanged.
Obstructive disease, on the other hand, results in a relatively

preserved FVC, but the FEV1 is decreased. Therefore, the ratio
of the FEV1/FVC will be markedly decreased. One problem
with the measurement of the FEV1 is that it is effort depen-
dent. The flow during the middle half of expiration, termed the
FEF25–75, also can be measured and is thought to be muchmore
independent of patient effort.

Another way to analyze the flows and volumes obtained via
spirometry is to graph the data as flow–volume curves. Both
expiratory and inspiratory curves can be displayed. Obstruc-
tive disease, restrictive disease, upper airway obstruction, and
intrathoracic airway obstruction can be recognized from their
classic flow–volume curves (Fig. 85.11 and Fig. 85.12). Of
course, many patients have mixed disease and so may have
flow–volume curves that are not characteristic of any one dis-
ease pattern.
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Direct measurement of the RV or FRC can be done using
either dilution of an inert gas (usually helium) or body plethys-
mography. Total lung capacity can also be measured this way.
There are subtle differences between the two techniques. In
particular, if there is a large portion of pulmonary gas that is
trapped and does not communicate with the mouth, the gas
dilution technique, which depends on distribution and equili-
bration of the gas throughout the lung, will yield erroneously

low volumes, which would be a particular concern in the set-
ting of significant COPD.

It is important to realize that all the previously described
measurements are measurements of ventilation. They do not
measure gas exchange at the alveolar–capillary interface. This
can be evaluated using the diffusing capacity for carbonmonox-
ide (Dlco). The amount of carbon monoxide taken up in 1
minute will depend on the total area of the alveolar–capillary
interface and on the thickness of this membrane. Intersti-
tial lung diseases, such as pulmonary fibrosis and sarcoidosis,
which thicken the alveolar interstitium, result in a decrease in
Dlco. Likewise, any disease that decreases the total area of the
alveolar–capillary interface will result in a decrease in Dlco.
Carbon monoxide is taken up by red blood cells, so diseases
that reduce the red blood cell flow through the capillaries will
affect Dlco, even in the setting of a normal alveolar–capillary
interface.
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Chapter

86 Oxygen and carbon dioxide transport
Swaminathan Karthik and J. Taylor Reed

This chapter focuses on the transport of oxygen and carbon
dioxide at the blood and tissue level.

Oxygen transport
Hemoglobin
Hemoglobin plays a critical role in the transport of oxy-
gen. Ninety-seven percent of oxygen is transported chemically
bound to hemoglobin, and 3% is transported dissolved in the
plasma.

Each hemoglobin molecule is made up of four chains. Each
chain is composed of an iron-containing heme molecule and
a polypeptide globin molecule. Variations in the amino acid
sequence of the globin yield different hemoglobin chains, such
as �, �, � , and �. Hemoglobin A (adult) is composed of two
�- and two �-chains. Hemoglobin F (fetal) is composed of two
�- and two � -chains.Thus, each hemoglobin molecule has four
iron atoms, each of which in their divalent form can bind a sin-
gle molecule of oxygen. Methemoglobinemia occurs if the iron
is oxidized to its trivalent form (Table 86.1). Carbon monoxide
poisoning (Table 86.2) occurs when carbon monoxide binds to
hemoglobin and displaces oxygen.

Diffusion gradient for oxygen
Oxygen diffuses along its concentration gradient from the alve-
oli, into plasma, and then into the red cells, where it is bound
to hemoglobin (Table 86.3). An alveolar oxygen partial pressure
of 104 mm Hg will yield a PaO2 of about 95 mm Hg secondary
to dilution with deoxygenated (shunt) blood from the thebe-
sian and bronchial veins. Oxygen tension in interstitial fluid is
around 40 mm Hg, and intracellular PO2 averages around 23
mmHg.This concentration gradient causes oxygen to flow into
the cells.

Oxygen–hemoglobin dissociation curve
The presence of hemoglobin in blood greatly increases oxygen-
carrying capacity. Hemoglobin does not take up oxygen in
a linear fashion. With the binding of each successive oxygen
molecule, hemoglobin’s affinity for oxygen increases. This is
referred to as cooperative binding. Plotting the oxygen satura-
tion of hemoglobin against the partial pressure of oxygen yields

Table 86.1. Causes and treatment of methemoglobinemia

� Iron in heme moiety is in the ferric (Fe3+) state
� Results in decreased affinity for oxygen and carbon dioxide
� Caused by nitrates, nitrites, sulfonamides
� Treatment: methylene blue (a reducing agent)

the classic sigmoid oxygen–hemoglobin dissociation curve (Fig.
86.1). Hemoglobin can be rapidly saturated or desaturated
within a narrow range of partial pressures. At a PaO2 � about
80 mm Hg, hemoglobin saturation is � 90%. At venous PO2 of
about 40mmHg, the hemoglobin saturation tends to be around
75%. The P50, or the partial pressure at which hemoglobin is
50% saturated, is 26.5 mm Hg.

Bohr effect
Peripherally, saturated hemoglobin offloads oxygen and binds
CO2 and 2,3-diphosphoglycerate (2,3-DPG). This causes con-
formational changes at the oxygen binding site, decreasing its
affinity for oxygen, further enhancing offloading of oxygen.
When desaturated hemoglobin reaches the lung, CO2 and 2,3-
DPG are released and hemoglobin’s high affinity for oxygen is
restored.

The four common physiologic factors that shift the oxygen–
hemoglobin dissociation curve are pH, PCO2, 2,3-DPG, and
temperature. A decrease in pH or an increase in PaCO2 shifts
the dissociation curve to the right, facilitating delivery of oxy-
gen to peripheral tissues; this is known as the Bohr effect. An
increase in pH, or a decrease in PCO2, shifts the curve to the left,
increasing hemoglobin’s affinity for oxygen. Increased tempera-
ture shifts the curve rightward, enabling greater oxygen delivery
(DO2) to peripheral tissues in times of greater metabolic need,
such as during exercise. Increased 2,3-DPG causes a rightward
shift and is produced over hours to days during exposure to

Table 86.2. Etiology and treatment of carbon monoxide poisoning

� Binds to hemoglobin at same site as oxygen
� 250 times greater affinity than oxygen
� A PaCO of 0.6 mm Hg or FiCO of 0.1% may be lethal
� Treatment includes 100% oxygen and hyperbaric oxygen

Fico, fraction of inspired carbon monoxide content.
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Table 86.3. Partial pressures of gases in different parts of the bodya

Partial pressure,mmHg

Distal airway Mixed venous
Dry air end inspiration Alveolar Arterial tissue

PO2 159.7 139.7 100 95 40
PCO2 0.3 0.3 40 40 46
PN2 600 573 573 573 573
PH2O 0 47 47 47 47
Total 760 760 760 760 706b

a Conditions at sea level. Total atmospheric pressure 760 mm Hg: 21% oxygen, 78% nitrogen, small quantities of CO2, inert
gases (mostly argon, also helium). PO2 in dry air is 159.7 (760 × 0.21).

b PAO2 = (760 − 47) × 0.21 – PACO2/0.8). PO2 decreases more than PCO2.
PACO2, partial pressure of carbon dioxide, alveolar; PAO2, partial pressure of oxygen, alveolar; PH2O, partial pressure of water;
PN2, partial pressure of nitrogen.

hypoxia. This is one of the compensatory mechanisms at high
altitudes.

Oxygen delivery and consumption
Each gram of hemoglobin can carry 1.39 ml of oxygen. Thus, a
person with a hemoglobin concentration of 15 g/dl carries 20.9
ml (15× 1.39) of oxygen per 100 ml of blood if the hemoglobin
is maximally saturated. Dissolved oxygen accounts for 0.003 ml
of oxygen per mm Hg of oxygen per 100 ml of plasma. Venous
hemoglobin, with a saturation of 75%, carries 15.7ml of oxygen
per 100 ml of blood. Oxygen consumption (VO2) therefore is
5.5 ml per 100 ml of blood. Normal oxygen consumption in the
resting adult human is approximately 275 ml/min.

Content of O2 (CaO2) = oxygen bound to hemoglobin
+ oxygen dissolved in plasma

CaO2 = [1.39 × hemoglobin (g/100ml)
×O2 saturation] + [0.003 × PO2].

Oxygen extraction ratio
Under normal circumstances, only 25% of oxygen delivered to
peripheral tissues is extracted. This is the oxygen extraction
ratio (OER); it can be calculated by the equation:

OER = VO2/DO2

or

OER = (CaO2 −mixed venous oxygen content [CvO2])/CaO2.

When DO2 decreases, or oxygen consumption increases,
increased oxygen extraction will occur to maintain a constant
VO2 (lineCB in Fig. 86.2). AsDO2 decreases to a critical thresh-
old, VO2 starts to fall linearly with falling DO2 (line BA in Fig.
86.2), leading to anaerobic metabolism and an accumulation of
lactate. In critically ill patients with impaired cellular respira-
tion, this relationship is altered. Oxygen extraction appears to
be impaired even when adequate DO2 occurs. Thus, increased
DO2 is matched by increased VO2 (line EF in Fig. 86.2). This
reflects an oxygen debt that may respond to supranormal DO2
and has been the basis of goal-oriented therapy.

Exercise physiology
A sixfold increase in cardiac output may occur during exercise.
This, combined with a threefold increased oxygen extraction by
tissues, results in an almost 20-fold increase in DO2. Oxygen
consumption inmuscles is greatly increased, thus this increased
DO2 is needed to prevent lactate buildup.

Fetal oxygen transport
Fetal hemoglobin has greater affinity for oxygen and is thus left
shifted compared with adult hemoglobin. This results in a P50
of about 19 mm Hg, which is significantly lower than adult
hemoglobin. This higher affinity maintains DO2 to the fetus.
Hemoglobin concentration is around 18 mg/dl in the fetus,
which allows for a higher content of oxygen to be transported.
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Mixed venous saturation
Venous PO2 tends to be around 40 mm Hg with a hemoglobin
saturation of around 75%. Venous blood returning to the heart
is from three sources: the superior vena cava, the inferior vena
cava, and the coronary sinus. The heart and brain have higher
extraction ratios. Venous blood from these organs has a lower
oxygen saturation. Complete mixing is presumed to occur in
the pulmonary artery, hence this saturation is called the mixed
venous saturation. Mixed venous saturation can be used to cal-
culate cardiac output and shunt fraction.

The Fick principle is a form of indicator dilution that
uses oxygen to determine cardiac output. Arteriovenous oxy-
gen content difference multiplied by cardiac output is the
amount of oxygen used by tissues. Assuming that a constant
amount of oxygen is used by tissue every minute (VO2), arte-
riovenous content difference will vary inversely with cardiac
output:

Cardiac output = amount of oxygen absorbed/arteriovenous
oxygen content difference

or

Q = VO2/(CaO2 − CvO2).

Solving this for mixed venous oxygen saturation (SvO2) yields
this equation:

SvO2 = arterial oxygen saturation
−(VO2/Q × 1.39 × hemoglobin × 10).

This equation ignores dissolved oxygen, which normally con-
tributes very little to the total content of oxygen. A conver-
sion factor of 10 is used to convert the units of hemoglobin

from milligrams per deciliter to milligrams per liter. Oxy-
gen consumption is usually assumed to be 250 ml/min or 4
ml/kg body weight. From this equation, it is clear that the
four factors that influence mixed venous saturation are car-
diac output, hemoglobin concentration, arterial saturation, and
O2 consumption.

Oxygen toxicity
Complex defense mechanisms have been put in place to con-
trol cellular oxygen toxicity. The antioxidant systems are devel-
opedmeticulously enough that oxygen radicals in fact are being
used to defend against invading offenders, such as bacterial
endotoxins.

Under normal atmospheric conditions, inspired oxygen
fraction can be increased only moderately by hyperventilat-
ing or by increasing inspired oxygen fraction up to 100%, as
is done routinely when administering anesthesia care (i.e., pre-
oxygenation, before extubation, during a single-lung situation).
Although this raises the hemoglobin saturation to 100% given
normal arterial/mixed venous oxygen content difference, the
increase of oxygen in physical solution is almost negligible.
Thus, the increase in mixed venous PaO2 while breathing 100%
oxygen is trivial. However, mixed venous PaO2 closely reflects
tissue PaO2. Target values of oxygen tension on the mitochon-
drial level are still a matter of debate. Although some argue that
men and women are derived from a life without oxygen and are
adapted to a rather anaerobic environment in which there is a
constant need to defend themselves against oxygen, the bottom
line is that mitochondrial oxygen tension is probably very dif-
ferent in different tissues and might range from 3 to 20 mmHg.
Endothelial cells in contact with arterial blood are exposed to
much higher oxygen tensions than, for example, bone marrow
cells.We can assume that the range of oxygen tensions tolerated
on a cellular level is rather wide.

Oxygen radicals
Superoxide radical production occurs inmitochondria through
leakage of electrons tomolecular oxygen as well as through acti-
vated phagocytes and within the hypoxanthine–xanthine oxi-
dase system. Additionally, as a result of ischemia/reperfusion
injury, reactive oxygen species (ROS) and reactive nitrogen
species (RNS) are produced and widely distributed through the
circulation. Biological targets for ROS/RNS are phagocytosed
microorganisms, DNA, lipids, and sulfhydryl-containing pro-
teins. Furthermore, ROS play an important role in cell signal-
ing, differentiation, and apoptosis. Inappropriate activation of
adherent and migrated neutrophils, however, clearly can pro-
duce harm against oneself, as suggested in the pathomecha-
nisms of acute lung injury and other autoimmune diseases.
Oxidative stress is increasingly recognized as being involved in
several neurodegenerative diseases, such asAlzheimer’s demen-
tia, amyotrophic lateral sclerosis, and Parkinson’s disease, as
well as lipid oxidation and atherosclerosis.
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Antioxidant systems
Antioxidant systems such as superoxide dismutase, catalase, the
glutathione peroxidase system, and nonenzymatic endogenous
antioxidants such as ascorbic acid, vitamin E, and surfactant
act as radical scavengers but also protect the integrity of
proteins and cell membranes. Their existence allows the
sophisticated use of ROS to maintain the organism’s integrity.
Statins show great promise as regulators of ROS production by
reducing NADPH oxidase activity, thus reducing nitric oxide
scavenging and causing not only vascular dilation but also
inhibition of leukocyte adherence and hence overall
immunoregulatory effects. Antioxidants have been trialed
as adjuvant therapeutics to adversely affect the impact of
oxidative stress such as aging, cardiovascular disease, and
cancer. Most nonenzymatic antioxidants can be perceived
as a double edged sword because of their potential to act as
pro-oxidants in an environment that combines oxygen with
metals that may serve as redox-active transition metals (i.e.,
Fe2+). This antiredox paradox may explain why large doses of
supplemental antioxidants so far have failed to significantly
alter life expectancy.

Clinical oxygen toxicity
Pulmonary oxygen toxicity has been appreciated for quite some
time. Lung tissue is at the forefront of high inspired oxygen
fractions. Airway inflammation and reduced vital capacity are
known sequelae of breathing high inspired oxygen fractions
for 24 hours. Structural changes leading to acute lung injury
and pulmonary fibrosis representing irreversible changes of
lung function and architecture are predominant in prolonged
exposure to normobaric oxygen breathing. Elevated PaO2 is of
more predictive value than fraction of inspired oxygen content
(FiO2). A PaO2 level of 255mmHg has been established as safe.

Reabsorption atelectasis is another pulmonary complica-
tion of 100% oxygen breathing, albeit much better established
and defined. Lung zones with low ventilation–perfusion ratios
collapse only a fewminutes after breathing 100% oxygen.This is
a frequent occurrence in daily anesthetic practice and remains
well established for the induction phase, because preoxygena-
tion and denitrogenization heighten the safety margin when
apnea is induced and assisted ventilation commences. Whether
the routine increase of FiO2 to 100% before extubation is nec-
essary or even harmful for reasons stated earlier (why induce
atelectasis right before the transition is made from controlled
mechanical positive pressure ventilation to spontaneous respi-
ration in a patient at the beginning of recovery from surgery
with all the insults to breathing taken together: diaphragmatic
dysfunction, decreased functional residual capacity from anes-
thetic agents, supine position, opioid use, pain, etc.) is being
questioned.

Finally, patient factorsmust be considered aswell.The expo-
sure to bleomycin renders a patient susceptible to oxygen-
induced pulmonary fibrosis, respiratory failure, and even
death when subsequently exposed to high inspired fraction of

oxygen. Although the molecular mechanism remains elusive,
clinical practice has been not only to limit FiO2, but also to use
intravenous fluids more judiciously, as this is another proposed
factor supporting the development of acute lung injury and res-
piratory failure after bleomycin therapy.

Retrolental fibroplasia
Retrolental fibroplasia still puzzles providers caring for new-
borns. Initially recognized as a likely result of uncritically gener-
ous exposure of newborns to high inspiratory oxygen fractions,
it remains the leading cause of blindness and vision impairment
in children, even after adjustment of the neonatal resuscitation
guidelines and the revelation that in newborns, treating hypoxia
is just as critical as avoiding hyperoxia.

Benefits of increased perioperative FiO2
Increased inspired oxygen tensions at normal atmospheric
pressure are usually well tolerated in adults under anesthe-
sia. Recent studies suggest improved outcome with regard to
wound infections, partially based on the finding that PaO2 plays
a much more vital role in wound healing than hemoglobin-
bound oxygen, because the microvasculature is disrupted and
the diffusion-driving force is partial pressure gradient. In
conjunction with the avoidance of vasoconstriction and its
prerequisites, such as pain, hypothermia, and shock, tissue
oxygenation can be optimized without a clinically relevant neg-
ative impact of intra- and postoperative delivery of FiO2 in the
range of 80%.

Carbon dioxide transport
Carbon dioxide is produced by the various tissues of the body
as a waste product of metabolism. It is a nonpolar molecule that
diffuses easily through lipid membranes and, as a result, can
travel through themitochondrialmembrane, cytosol, cellmem-
brane, extracellular space, and endothelium until it reaches the
plasma. Once in the plasma, it travels in one of three forms: dis-
solved in plasma, converted to bicarbonate, or as a carbamino
compound.

Dissolved in plasma
The solubility of carbon dioxide is 0.075 ml CO2/dl/mm Hg.
When the venous PCO2 is 45 mm Hg, the amount of dissolved
CO2 is 3.4 ml/dl. This accounts for roughly 9% of all carbon
dioxide produced in the body, but can increase to nearly one
third of the total amount during strenuous exercise. CO2 is
much too insoluble to be completely eliminated from the body
in its unaltered state.

Conversion to bicarbonate by carbonic anhydrase
Once in the bloodstream, carbon dioxide diffuses through the
red cell membrane, where it comes in contact with free floating
carbonic anhydrase (CA). CA rapidly catalyzes the reaction:

CA
CO2 ↔ H2CO3 ↔ HCO3− + H+.
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Carbonic acid, the immediate product of this reaction,
spontaneously and rapidly dissociates into bicarbonate and a
proton. Although CO2 undergoes this reaction spontaneously,
CA greatly accelerates the reaction. CA is well placed in the red
blood cell cytosol as hemoglobin buffers the hydrogen ion pro-
duced with little change in body pH.

Role of the Bohr effect on CO2 transport
The affinity of hemoglobin for hydrogen ions is not constant.
This is fundamentally important in shuttling carbon dioxide
from the periphery to the lung. The Bohr effect (mentioned
earlier) refers to the inverse relationship of oxygen and hydro-
gen ion affinity for hemoglobin. When oxygen dissociates from
hemoglobin, the dissociation constant (pKa) of specific amino
acids is increased, causing a greater propensity for hydrogen
ions to bind.This favors the transformation of CO2 to bicarbon-
ate and H+. This system is driven entirely by the relative con-
centrations of oxygen and hydrogen ions in the different areas
of the body. In the lungs, the concentration of oxygen is high
and the concentration of hydrogen ions is low because of the
elimination of carbon dioxide.This promotes oxygen binding to
hemoglobin and release of hydrogen ions, driving CO2 forma-
tion and elimination. In the tissues, where CO2 concentration
is high because of metabolism, hydrogen ions are created and
bound to hemoglobin, and oxygen is released.

Chloride (Hamburger) shift
As bicarbonate is continually being produced in the red cell,
bicarbonate levels increase in the cytosol. A transport protein in
the red cell membrane rapidly exchanges chloride ions from the
plasma for bicarbonate ions. This feature of bicarbonate home-
ostasis has been termed the chloride shift. It prevents progressive
intracellular alkalosis while maintaining electrical neutrality.

Carbamino compound formation
Carbon dioxide binds to amino groups on plasma proteins and
hemoglobin to form carbamino compounds. The protein con-
centration in plasma is around 7%.The hemoglobin concentra-
tion in the red blood cell is around 30%; therefore, this type
of transport is more prevalent inside the red blood cell. Car-
bamino compound formation accounts for the transport of 5%
of the carbon dioxide in arterial blood but 30% of the carbon
dioxide taken up in the capillaries.

When a carbamino compound forms, a hydrogen ion is
released:

R−NH2 + CO2 ↔ R−NH−COO− + H+.

This hydrogen ion is immediately buffered by the imida-
zole groups of histidine residues on hemoglobin and on plasma
proteins. Once in the lung, O2 association causes a conforma-
tional change that releases H+ and drives the reaction toward
the release of CO2 from the amino groups.
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Carbon dioxide content versus
carbon dioxide tension
Carbon dioxide in the dissolved form varies linearly with its
partial pressure in the blood, whereas the total quantity of CO2
in the blood is graphically illustrated as a flattened hyperbola
(Fig. 86.3). In the physiologic range, this relationship is almost
linear.

Haldane effect
TheHaldane effect describes the relationship between the trans-
port species of carbon dioxide and the binding of oxygen to
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(shift from A to B). (From Guyton AC, Hall JE. Transport of oxygen and carbon
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hemoglobin. Binding of oxygen displaces CO2 via changes in
pKa of the hemoglobin amino acids. Hydrogen ions bound to
hemoglobin are released, favoring release of CO2 from car-
bamino compounds. The CO2 then diffuses down the concen-
tration gradient into the alveoli and is subsequently eliminated
via respiration (Fig. 86.4).
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Chapter

87 Lung isolation techniques
Shine Sun and Sarah H. Wiser

Theanestheticmanagement of intrathoracic procedures and the
care of critically ill patients who require differential lung ven-
tilation necessitate facility with lung isolation techniques. In its
most basic form, the goal of lung isolation is either to selectively
interrupt ventilation to a section of the pulmonary tissue or to
prevent soilage of the contralateral lung. Isolation may involve
a portion of lung, as in lobar isolation, or an entire lung. Famil-
iarity with the tools and techniques of lung isolation is essential.
Equally important is the ability to quickly troubleshoot each
technique and to know when circumstances favor one tech-
nique over another.This chapter focuses on the techniques used
for lung isolation and the basic physiology of one-lung ventila-
tion (OLV).Ventilatory settings andmanagement of hypoxemia
during OLV are considered in detail in the next chapter.

Indications for lung isolation
The indications for lung isolation are divided into absolute and
relative indications (Table 87.1). This designation is somewhat
artificial as some surgical procedures, although considered a
relative indication, would be difficult if not impossible to per-
form without lung isolation.

Contraindications
Although no specific contraindications exist, it is important
to be mindful of the clinical situation instead of applying a

Table 87.1. Indications for OLV

Absolute
Isolation of lungs to prevent spillage from hemorrhage or infection
Therapeutic need to ventilate only one lung

Bronchopleural fistula
Unilateral cysts or bullae
Unilateral bronchial disruption or trauma

Unilateral lung lavage
Video-assisted thoracoscopic surgery

Relative
Surgical exposure: high priority

Thoracic aortic aneurysm
Pneumonectomy
Upper lobectomy

Surgical exposure: lower priority
Esophageal surgery
Middle and lower lobectomies
Thoracoscopy under general anesthesia

“one size fits all” technique. For example, the use of a left-sided
double-lumen tube (DLT) in the setting of an exophytic tumor
involving the left mainstem bronchus is not recommended.
The decision as to whether lung isolation is necessary and the
selection of technique should be intimately tied to the clinical
situation.

Anatomy
Abasic understanding of the normal tracheobronchial anatomy
is essential for successful lung isolation. Often a surgical bron-
choscopy is performed at the beginning of a thoracic surgi-
cal procedure. This presents an opportunity for the anesthesia
practitioner to become familiar with the patient’s anatomy.This
familiarity is crucial to verify correct placement of the lung
isolation device chosen. It has been demonstrated that anesthe-
siologists with only occasional lung isolation experiencemalpo-
sition the device 40%of the time, despite facility with fiber-optic
bronchoscopy and a prior tutorial on lung isolation.

Normal anatomic features in the adult are as follows: The
distance from the teeth to the carina averages 20 to 25 cm. From
the carina, the left mainstem bronchus continues at a 45◦ angle
before reaching its secondary carina. On average, the left main-
stem bronchus is 54mm long inmen and 50mm inwomen.The
secondary carina of the leftmainstem bronchus marks the divi-
sion of the upper and lower lobar bronchi. Segmental anatomy
is depicted in Fig. 87.1. It is important to realize that significant
variability exists at the segmental level.

The right mainstem bronchus branches from the carina
at a 10◦ angle and travels, on average, only 19 mm in men
and 16 mm in women before dividing into the right upper
lobe bronchus and the bronchus intermedius. Classically, the
right upper lobe bronchus trifurcates almost immediately, cre-
ating what is often referred to as the “Mercedes-Benz” sign. In
approximately one in 250 people, a variant known as a tracheal
or “pig” bronchus may be present. In this instance, the right
upper lobe arises directly from the trachea instead of the right
mainstem bronchus.The length of the rightmainstem bronchus
is an important characteristic and should be noted during bron-
choscopy, as a short right mainstem may make lung isolation
with a right-sided tube more difficult. Distally, the bronchus
intermedius gives rise to themiddle and lower lobe bronchi and
their respective segmental bronchi.
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Figure 87.1. Tracheobronchial tree anatomy.

Lung isolation tools
Double-lumen tubes
Themost common tool for lung isolation is theDLT.Although it
has been through many variations since its initial introduction
into clinical use byCarlens 50 years ago, theDLT still retains the
basic structure. ADLT consists of two ventilating lumens bound
together into one tubular structure. Each lumen, tracheal and
bronchial, has a cuff to provide a seal. The bronchial lumen is
longer, to allow endobronchial intubation, and its cuff is high

Figure 87.2. A left-sided Robertshaw-type DLT by Rusch.

pressure/low volume.The tracheal lumen ends above the carina
and uses a low-pressure/high-volume cuff (Fig. 87.2).

The proximal take-off from the right mainstem bronchus
mandates sidedness in the design of DLTs.The right-sided DLT
has a ventilating side port in the endobronchial lumen to allow
ventilation of the right upper lobe (Fig. 87.3).

Figure 87.3. Two views of the right-sided Robertshaw-type DLT from Rusch
and Mallinkrodt. (Adapted from www.anaesthesiauk.com.)
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Figure 87.4. Left-sided Carlens double-lumen ETT with carinal
hook. (Adapted from Zadrobilek E, Fitzal S. The Robertshaw double-
lumen bronchial tubes: fortieth anniversary of the first published
description. Internet J Airway Manag 2 2002–2003. Available at:
http://www.adair.at/ijam/volume02/historicalnote03/default.htm.)

The presence of a carinal hook, designed to prevent distal
migration of the entire tube, is particular to the Carlens type
DLT (Fig. 87.4).

Although the carinal hook may help prevent distal migra-
tion of the endotracheal tube (ETT), its presence also poses a
risk for airway trauma, resulting in tracheobronchial disruption
due to “catching” of the hook on tissues other than the carina.
Furthermore, the carinal hook can make placement of the DLT
through the glottis more difficult.

DLT sizes currently available depend on the manufacturer,
but they typically include pediatric (26F, 28F) and adult (35F,
37F, 39F, 41F) sizes. The French catheter gauge size is equal to
the external diameter of the DLT in millimeters multiplied by
three. For example, a 39F DLT has a total diameter of 13 mm.

Size selection
Proper size selection of the DLT is important to provide good
lung isolation while causing minimal trauma to the airway. A
correctly sizedDLT is one that (a) passes atraumatically through
the glottic opening, down the trachea, and into the intended
mainstem bronchus; (b) has good alignment of lumens with the
appropriate bronchi for ventilation; and (c) provides a good seal
at both the tracheal and bronchial cuffs. Despite the obvious
importance in proper sizing, there is no consensus as to how
to choose the best size. Studies have attempted to correlate DLT
size selection with patient criteria including gender and height,
leftmainstembronchus size or tracheal diameter on chest radio-
graphs, and leftmainstem bronchusmeasurement on CT scans.
There still is no universally accepted method for determining
DLT size preoperatively. Many centers choose to use patient
height and gender as a guideline for initial DLT size selection.
Included here is a rough guide for initial size selection based on
patient gender and height (Table 87.2).

Placement
The placement of right- and left-sided DLTs is similar. The tube
is packagedwith a stylet in the endobronchial lumen to facilitate

Table 87.2. Rough DLT sizing guide based on patient height

DLT size 35F 37F 39F 41F

Female ≤ 5′1′′ 5′2′′−5′11′′ ≥ 6′ –
Male – ≥ 5′5′′ 5′6′′−5′′11′′ ≥ 6′

placement. The stylet should not be removed, and care should
be taken to prevent it from protruding beyond the end of the
DLT. Direct laryngoscopy is performed to allow for visualiza-
tion of the glottis. A Mac blade is preferred, as it provides a
greater space in the laryngopharynx for manipulation of the
DLT. The DLT is held with the bronchial lumen curved superi-
orly. The tube is advanced under direct visualization until the
bronchial cuff disappears past the vocal cords. At this point,
the endobronchial stylet should be removed. Advancement of
the DLT with the stylet in place increases the risk of tracheal
disruption. The DLT is then rotated toward the desired side of
endobronchial intubation and advanced until gentle resistance
is felt. The tracheal cuff should now be inflated.The presence of
end-tidal CO2 verifies placement in the airway.

The DLT should not be forced, and stiff resistance should
not be “pushed through.” Occasionally, it is difficult to advance
the DLT once passed through the glottis.This issue can beman-
aged by rotating the DLT 180◦ toward the desired mainstem
bronchus. This directs the tip of the DLT toward the membra-
nous portion of the trachea. If continued resistance occurs, it
is advisable to place a fiber-optic bronchoscope through the
bronchial lumen and position the DLT under direct visualiza-
tion. Fiber-optic placement of DLT should be performed for
any patient who has an endobronchial mass or extrinsic airway
compression. Generally speaking, there should be a low thresh-
old to abandonDLTplacement in favor of an alternate plan.The
inability to place a DLTmay be a result of the patient’s inherent
anatomy. Tracheal disruption, carinal dislocation, and endo-
bronchial rupture or hemorrhage may occur with DLT place-
ment.

If the initial intubation proved difficult, and a DLT is nec-
essary, a tube exchange catheter may be used to place the DLT.
The exchange catheter is placed through the single-lumen tube
(SLT) to an average depth of 22 cm.The patient’s oropharynx is
suctioned, the SLT is removed, and theDLT is threaded over the
exchange catheter via the endobronchial lumen and advanced
into the airway. Laryngoscopy helps suspend the soft tissues of
the oropharynx, promoting passage of the DLT. During place-
ment of the DLT, it is important not to allow the catheter to
advance too deeply, as this may cause airway trauma. Bron-
choscopy is then used for definitive positioning of the DLT.

Confirmation of placement
Before the widespread availability of fiber-optic bronchoscopes,
differential inflation of cuffs and auscultation were the standard
for confirmation of correct DLT placement. Although ausculta-
tion is rarely used as the primary confirmation technique now, it
may be used if fiber-optic equipment is not available.With both
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Breath Sounds
Heard

If DLT is too proximal: If DLT is too distal right:If DLT is too distal left:

Action:  Breath Sounds 
Heard 

Breath Sounds 
Heard 

 

Clamp right, both 

cuffs inflated 

 

Left side only Left and right Right side only 

Clamp left, both cuffs 

inflated 

 

None or faint on 

either side 

None or faint on 

either side 

None or faint on 

either side 

Clamp left, deflate  

distal cuff 

 

Left side only Left and right Right side only 

Figure 87.5. Types of malposition of the DLT and techniques for identification with auscultation.

cuffs inflated, ventilation of the endobronchial lumen should
result in breath sounds only on the endobronchial side. Venti-
lation of the tracheal lumen should result in breath sounds only
in the contralateral lung field. Gross malposition of DLTs can
be identified by lung auscultation during differential clamping
and balloon inflation, as illustrated in Fig. 87.5.

Multiple studies have demonstrated that auscultation alone
is largely insufficient for the confirmation of proper DLT place-
ment. Anywhere from30% to 80%ofDLTs originally confirmed
by auscultation are actually malpositioned when evaluated by
bronchoscopy. Therefore, fiber-optic bronchoscopy is consid-
ered the gold standard for confirmation of DLT placement.

When evaluating DLT positioning by bronchoscopy, one
should have a systematic approach. For both left and right
DLTs, bronchoscopy through the tracheal lumen should reveal
the carina with the bronchial cuff only minimally visible from
the orifice of the desired mainstem bronchus (Fig. 87.6a,b).
Passing the fiber-optic scope through the endobronchial lumen
of a left-sided DLT should reveal the secondary carina (Fig.
87.6c). If these lobar bronchi (which should be roughly equal
in size) are not both visible, the endobronchial lumen may be
too deep. Bronchoscopy through the endobronchial lumen of a

right-sided DLT should reveal the ventilating side port lined up
with the orifice of the right upper lobe and the bronchus inter-
medius (Fig. 87.6d).

If the location of the DLT is uncertain by initial broncho-
scopy, repositioning of the tube under fiber-optic guidance is
most expeditious. The bronchoscope is placed down the endo-
bronchial lumen until it emerges from the end of the tube.
Both cuffs are deflated, and positive pressure ventilation is
suspended. The DLT and bronchoscope are withdrawn as a
unit until visualization of the carina is obtained. At this point,
the bronchoscope is advanced down the desired mainstem
bronchus, and theDLT is advanced over the bronchoscope.This
will seat the endobronchial lumen into the desired bronchus.
Bronchoscopy via the tracheal lumen will then confirm correct
placement and allow for adjustment of the endobronchial por-
tion of the tube.

Fiber-optic confirmation of DLT positioning should be per-
formed after initial placement and following any alteration in
patient positioning. Additionally, intraoperative evaluation of
DLT positioning may be required, as the tube may become dis-
lodged secondary to external manipulation from the surgical
field.
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A B

C D

Figure 87.6. Views via bronchoscopy of properly placed left- and right-sided
DLTs. (A) View through the tracheal lumen of a left DLT in proper position,
with the carina visible and the endobronchial cuff barely visible alongside.
(B) View through the tracheal lumen of a right DLT in proper position,
with the carina visible and the endobronchial cuff barely visible alongside.
(C) View through the endobronchial lumen of a properly seated left DLT with
the secondary carina, left upper lobe bronchus, and left lower lobe bronchus
visible. (D) View through the endobronchial lumen of a properly seated
right DLT with the right upper lobe visible through the Murphy eye in the
bronchial cuff and the bronchus intermedius visible through the distal hole.
(A and C adapted from Slinger P. http://www.thoracic-anesthesia.com/wp-
content/uploads/buffalo-lung-isol-507.pdf; B and D adapted from Campos JH,
et al. Devices for lung isolation used by anesthesiologists with limited thoracic
experience. Anesthesiology 2006; 104:261–266.)

Advantages
DLTs provide excellent lung isolation capabilities. DLTs com-
pare favorably with other lung isolation techniques in a variety
of ways. The large internal diameters allow for more laminar
airflow patterns and quicker deflation of lung parenchyma.
Additionally, the larger lumens facilitate (1) passage of suction
catheters for clearance of secretions, (2) application of contin-
uous positive airway pressure (CPAP) to the operative lung in
cases in which persistent desaturation occurs during OLV, and
(3) passage of a pediatric fiber-optic bronchoscope to directly
observe bronchial clamping and suturing, thereby guiding sur-
gical technique.

Disadvantages
Overinflation of the endobronchial cuff may lead to mucosal
ischemia. When lung isolation is no longer necessary, it is pru-
dent to deflate the endobronchial cuff to minimize the time
of direct pressure on the endobronchial mucosa. If postsur-
gical pulmonary toilet or evaluation of anastomotic lines is
required, bronchoscopy by an adult bronchoscope is best used.

The adult bronchoscope has a larger suctioning lumen and bet-
ter fiber-optics. The need to use an adult bronchoscope neces-
sitates removal of the DLT for an 8.0 or larger SLT.

Patient comfort for extubation may also be a determining
factor for reintubation with an SLT prior to emergence. The
large external diameter of theDLT combinedwith its placement
distal to the carina makes the DLT more stimulating for emer-
gence. The smaller lumens also may make breathing more dif-
ficult, which may result in coughing, wheezing, and ventilator
dyssynchrony.

In cases in which airway edema is a concern, a DLT may be
left in place until it is deemed safe to convert to an SLT.Thedeci-
sion to leave a DLT in place postoperatively should be weighed
against the risk of mucosal injury, the relative unfamiliarity of
intensive care unit personnel withDLTs, and the risk of inadver-
tent dislodgement of the tube. Typically, in experienced hands,
the DLT can be changed safely to an SLT with the use of a tube
changer.

Because the DLT is widely used for lung isolation, its large
size, relatively rigid construction, and lack of customizability
(beyond sidedness and size/length) sometimes preclude its use
as the lung isolation technique for a given patient or proce-
dure. In difficult airway situations, extubation from the initially
placed SLT may be ill advised. In addition, congenital or surgi-
cal anatomic variantsmay preclude use of aDLT,which relies on
relatively conserved anatomic parameters. In these situations,
bronchial blockers provide more flexibility for lung isolation.

Bronchial blockers
Bronchial blockers are the othermain category of lung isolation
tools. There are several variants, including stand-alone devices
or those bound to an SLT, but they are conceptually the same.
The basic construction of the bronchial blocker consists of a
small-diameter catheter with an inflatable occlusive balloon at
its distal end. The blocker can be guided via fiber-optic bron-
choscopy into the desired location for lung or lobar isolation.
Because bronchial blockers must be used in conjunction with
an SLT, the blocker can be removed or disabled, allowing for
postoperativemechanical ventilationwithout the necessity for a
tube change. The Fogarty catheter, Arndt and Cohen bronchial
blockers (Cook Medical, Bloomington, IN), and Univent tube
(Fuji Systems Corp., Tokyo, Japan) all fall into this category of
lung isolation technology.

Fogarty catheter
The Fogarty embolectomy catheter, although not created for
airway use, may be used to provide lung isolation. It has a
long track record of use in thoracic procedures, both as a pri-
mary lung isolation device and as a rescue device for inade-
quately functioning DLTs. Commonly employed sizes include
8/14F or 8/22F; both catheters are 80 cm long. The numbers
14 and 22 refer to the inflated balloon diameter in millimeters.
The balloons on the Fogarty catheter are low volume/high pres-
sure. Given the ability of the balloon to withstand high pressure
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without rupture, it is critical to inflate the balloon under direct
vision to avoid airway rupture. The catheter itself is made of
natural rubber latex and contains a central wire stylet. There is
no central communicating lumen from the proximal end to the
distal tip.

Placement
Placing a 45◦ bend in the wire stylet 3 cm from the tip facilitates
placement. One of two techniques then may be performed to
avoid an air leak around the catheter: (1) During laryngoscopy,
the catheter can be placed in the proximal trachea and then an
SLT placed alongside the Fogarty catheter, or (2) after intuba-
tion with an SLT, a swivel connector with a rubber diaphragm
attached to the 15-mm connector of the SLT will allow passage
of the embolectomy catheter within the SLT while maintaining
ventilation. Proper positioning of the Fogarty catheter requires
fiber-optic bronchoscopy. Under direct vision with a broncho-
scope, the distal end is directed toward the desired bronchus
while the catheter is advanced. Once positioned, the balloon at
the distal end should be inflated to create a seal.

Advantages
Fogarty catheters are widely available, and many anesthesiolo-
gists have experience with their use for lung isolation.Theymay
be used in a variety of situations, such as with an SLT, through
a tracheostomy, nasotracheally, or alongside/inside a DLT. The
catheter can be manipulated to provide selective lobar block-
ade. A Fogarty catheter may be placed within a DLT to rescue a
poorly functioning or an ill-fitting DLT.

Disadvantages
Fogarty catheters may be quite difficult to place. Other disad-
vantages include (1) latex composition, precluding their use in
patients with a latex allergy; (2) lack of any guidewire system
to help position the balloon tip; (3) lack of a central lumen to
allow for delivery of CPAP or suctioning of the distal airway;
(4) reliance on absorption atelectasis for lung collapse after
placement, and (5) easy dislodgement during positioning and
surgical manipulation.

Univent tube
The Univent tube is constructed of medical-grade silicone. It is
an SLTwith a separate channel fused along the anterior concave
surface that houses a sliding bronchial blocker (Fig. 87.7).

The blocker of the Univent tube incorporates a high-
pressure/low-volume cuff. The blocker itself slides within the
side channel and can be guided into the left, right, or secondary
bronchi with the aid of a fiber-optic bronchoscope. It is impor-
tant to note that even though the insertion of a Univent tube is
akin to the placement of a standard SLT, the outer diameter is
markedly larger than that of a comparably sized standard ETT.
The increased external diameter is the result of the fused chan-
nel, which houses the bronchial blocker.The internal diameters
of Univent tubes range from 6.0 to 9.0mm. An 8.0 Univent tube
has an external diameter of 13.5 mm.

Figure 87.7. A Univent tube.

Placement
Prior to placement, the bronchial blocker should be lubricated
to facilitate passage through its channel. The blocker should
then be completely retracted into its channel to prevent tra-
cheal trauma.TheUnivent tube is then placed like a normal SLT
into the trachea. The blocker is then guided into place under
bronchoscopic visualization. The blocker will preferentially
head to the right mainstem bronchus. To facilitate passage into
the left mainstem bronchus, the entire Univent tube can be
turned 90◦ to the patient’s left so that the inherent curvature
in the tube directs the blocker to the left. In lieu of moving the
entire Univent tube, the bronchial blocker alone can be twisted
to turn the distal tip toward the left. Rotation of the patient’s
head to the left also helps facilitate this placement.Afinal option
for left-sided blockade is to advance the Univent under fiber-
optic guidance so that the tip of the ETT enters the left main-
stem bronchus. The bronchial blocker can then be advanced
further into the left, and the SLT portion can bewithdrawn back
into the trachea while the blocker is held in place.

Advantages
Advantages include the ability to convert theUnivent tube into a
“standard” SLTwithout replacing the ETT, the ability to provide
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both CPAP and suction through the small port located within
the bronchial blocker, the less bulky nature of the tube relative
to a DLT, and the feasibility of its use for fiber-optic intubations
in the setting of a difficult airway.

Disadvantages
Unfortunately, even with fiber-optic guidance, placement of
the Univent’s bronchial blocker may be difficult. Although the
small central lumen allows for intermittent application of suc-
tion to facilitate lung decompression, deflation still may be
a slow process. The high-pressure cuff on the blocker may
lead to mucosal ischemia with prolonged use. Last, the larger
anterior–posterior outer diameter, created by the separate chan-
nel fused to the SLT, has been suggested as a potential source
of postoperative vocal cord damage and paresis; therefore,
the Univent is not recommended for prolonged postoperative
intubation.

Arndt bronchial blocker
The Arndt bronchial blocker is a wire-guided endobronchial
blocker, specifically designed as a stand-alone bronchial blocker
for bronchial or lobar isolation. It is packaged as a unit includ-
ing the blocker itself, a multiport connector, a CPAP adapter,
and a syringe. The multiport connector is designed to fit onto
the 15-mm connector of the ETT. It has a separate port for the
fiber-optic bronchoscope, the blocker itself, and connection to
the breathing circuit.The blocker port has a Luer-Lok system to
allow for ventilation with minimal air leak while the blocker is
in place (Fig. 87.8).

TheArndt comes in 5F/50-cm, 7F/65-cm, and 9F/78-cm size
configurations, for use with minimum ETT sizes of 4.5, 7.0,
and 8.0, respectively. All Arndt blockers are equipped with low-
pressure/high-volume cuffs. Integral to the Arndt is a replace-
able central flexible nylon wire protruding from the distal end
as a loop, which when removed leaves a 1.4-mm lumen.

Placement
Placement of the Arndt bronchial blocker starts with the place-
ment of the bronchoscope and blocker through their respective
ports of the multiport adapter. Once the bronchoscope is fed
through the wire loop and the loop is cinched tight, the multi-
port adapter can be connected to the ETT.The bronchoscope is
then advanced into the targeted airway for occlusion, and the
Arndt is slid off the bronchoscope. If the catheter encounters
resistance during advancement, the most likely source is the
carina. Repositioning the wire loop at the very tip of the bron-
choscope may resolve this problem. Additionally, turning the
patient’s head contralateral to the desired side also facilitates
placement. Once the blocker is in the desired location, the bal-
loon can be inflated under direct vision.

Advantages
The wire is removable, which leaves behind a 1.4-mm central
lumen to be used for the provision of CPAP or for suctioning to
aid deflation. Akin to the Fogarty catheter, the Arndt shares the

Figure 87.8. An Arndt endobronchial blocker.

characteristics of being deployable in a variety of airway situa-
tions, as a DLT rescue device, and also may be used for selective
lobar blockade.

Disadvantages
Aswith all other bronchial blocker devices, the Arndt bronchial
blocker suffers from the occasional difficulty of obtaining ade-
quate isolation on the right side (given the proximal origin
of the right upper lobe), easy dislodgement during manipula-
tion or patient positioning, slow deflation time, and its diffi-
culty of use in ETTs with an internal diameter smaller than
7.0 mm.

Cohen bronchial blocker
The Cohen bronchial blocker is a relatively new bronchial
blocker, approved by the US Food and Drug Administration in
2005 for use in lung isolation and available from Cook Med-
ical, Bloomington, IN. It currently is supplied only in a 9F-
circumference/62-cm length size, with a 1.6-mm central lumen
and a spherical balloon at the distal end. It performs the same
job as the other bronchial blockers but is unique mainly in the
method used to control and direct placement.
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Figure 87.9. A Cohen endobronchial blocker.

Placement
Instead of a wire loop or bend at the distal end of the blocker,
the Cohen blocker has a control wheel on the proximal end for
bronchial placement (Fig. 87.9).

This control wheel allows a user to turn the distal tip of the
catheter toward the desired bronchus. The wheel can be turned
counterclockwise only, and the distal tip follows the direction of
the wheel. Unfortunately, the movement arc of the distal tip is
confined to 90◦.The advantages and disadvantages of theCohen
blocker are similar to those of other bronchial blockers. A spe-
cific disadvantage may be that the fine motor control needed
to manipulate the wheel necessitates two skilled operators for
placement: one to operate the bronchoscope and one to steer
the blocker.

Fuji bronchial blocker
The manufacturers of the Univent tube have also released the
bronchial blocker portion of the Univent as a stand-alone
blocker unit, dubbed the Fuji Uniblocker. The Fuji is similar in
function, advantages, and disadvantages to the other bronchial
blockers discussed. Its unique features include its composition
of silicone, the presence of a preformed Coudé tip at the distal
end, and the largest central lumen of all the blockers at 2.0 mm.
The Fuji blocker currently comes in only one size (9F diame-
ter/51 cm length).

Other options
Centers that routinely perform operations requiring lung iso-
lation will have the tools described earlier readily available.
Occasionally, however, lung isolation must be provided in the
absence of specialized equipment. It is important to remember
that it is possible to advance a single-lumen ETT into the main-
stem bronchus, which may provide lung isolation on an emer-
gent basis. Blindly done, the ETT will preferentially favor the

right mainstem bronchus. If it is necessary to continue ventilat-
ing the left lung instead, advancement of the ETT can be done
by turning the ETT to the left so that the original curvature of
the tube angles toward the left. Bronchoscopy can greatly facil-
itate selective mainstem intubation.

One-lung physiology
Familiarity with the techniques to attain lung isolation is a pow-
erful tool in the anesthesiologist’s armamentarium. Equally, if
not more important, is an understanding of the physiologic
consequences of the lateral decubitus position and OLV.

Lateral decubitus position
The lateral decubitus position is the standard position for
pulmonary resection. This position affects both perfusion and
ventilation, thereby affecting ventilation–perfusion (V/Q)
matching.

Perfusion
Perfusion is directly influenced by gravity. Lateral positioning
increases blood flow to the dependent lung by about 10% and
decreases flow to the nondependent lung proportionally. Typ-
ical redistributions of blood flow with lateral positioning are
detailed in Table 87.3. This redistribution of pulmonary blood
flow is not altered by the induction of anesthesia or paralysis.

Ventilation
Unlike perfusion, the effect of lateral positioning on ventilation
depends on whether the patient is awake, anesthetized, para-
lyzed, or has an open chest.

Lateral position, awake and spontaneously breathing, closed chest
In a spontaneously breathing, laterally positioned patient with
a closed chest, the V/Q ratio is preserved relatively close to 1.
On assuming the lateral position, the compliance of the differ-
ent lung zone changes. The lung is now oriented from superior
to inferior (nondependent to dependent) rather than apex to
base, but the standard gravitational effect on lung compliance
(Fig. 87.10) remains the same. Because the dependent lung is
located on the steep portion of the compliance curve, it receives
greater ventilation with each breath than the nondependent
lung. The combination of greater perfusion of the dependent
lung and greater ventilation there as well leads to minimal V/Q
mismatch.

Table 87.3. Typical effect of lateral positioning on pulmonary perfusion

Change in Change in
perfusion perfusion

Position to right lung,% to left lung,%

Right lateral decubitus 55 to > 65 45 to > 35
Left lateral decubitus 55 to > 45 45 to > 55
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Figure 87.10. Minimal compliance changes in
overall lung on assuming the lateral decubitus
position. (Adapted from Morgan GE, et al. Anesthesia
for thoracic surgery. In: Clinical Anesthesiology. New
York: Lange Medical Books; 2006:585–613.)

Lateral, anesthetized, spontaneous ventilation, closed chest
Induction of anesthesia leads to a decrease in functional resid-
ual capacity. This reduction in lung volume causes a downward
shift in the compliance curve for both the dependent and the
nondependent lungs. The dependent lung will shift from the
steep to the less compliant (horizontal) portion of the curve, and
the nondependent lung will shift to the more favorable (steep)
portion of the compliance curve (Fig. 87.11). Ventilation will
now be greater to the nondependent lung. As a result, V/Qmis-
match will increase.

Lateral, anesthetized, paralyzed, mechanical ventilation,
closed chest
The introduction of muscle paralysis and mechanical ventila-
tion further increases V/Qmismatch.Theweight of the abdom-
inal contents, mediastinum, and chest wall restricts the depen-
dent lung, functionally decreasing its compliance and shifting
ventilation to the nondependent lung. Stabilizing devices such
as bolsters or bean bags compound this problem. Perfusion
remains unchanged.

Lateral, anesthetized, paralyzed, mechanical ventilation, open chest
Opening of the chest wall decreases the confines of the nonde-
pendent lung, further increasing ventilation to that lung. The
dependent lung remains restricted. Given that the nondepen-
dent lung was already receiving proportionately more ventila-
tion than perfusion in the closed chest, opening the operative
hemithorax serves only to worsen the V/Q mismatch.

Physiology of OLV
The changes in perfusion and ventilation discussed earlier
are independent of lung isolation. Isolation of the operative
lung introduces a large right-to-left intrapulmonary shunt. The
mixing of deoxygenated with oxygenated blood widens the
alveolar–arterial oxygen gradient and manifests as hypoxemia.
In addition, shunt and V/Q mismatch exist in the dependent
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Figure 87.11. Compliance shifts in the lateral decubitus position from
awake to anesthetized states. (Adapted from Morgan GE, et al. Anesthesia for
thoracic surgery. In: Clinical Anesthesiology. New York: Lange Medical Books;
2006:585–613.)
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lung secondary to atelectasis and parenchymal disease, further
impairing gas exchange.

As mentioned earlier, gravitational forces partially redis-
tribute blood flow away from the operative lung.The remaining
shunt is further decreased by hypoxic pulmonary vasoconstric-
tion (HPV). HPV acts as a protective mechanism to diminish
blood flow to areas of alveolar hypoxia via pulmonary arteriolar
vasoconstriction. HPV can decrease the shunt fraction by 50%
and reaches its maximum effect within 15 minutes, reducing a
typical 40% shunt fraction to approximately 20%. This shunt is
still large enough to cause significant hypoxemia. The fact that
many patients tolerate OLV well is likely indicative of chronic
redistribution of blood flow away from the diseased lung, which
ultimately results in a much lower overall shunt fraction.

Various physiologic and pharmacologic agents may act on
the pulmonary vasculature to alter the effects of HPV. Elevated
pulmonary artery pressures due to increased airway pressures,
hypoxia in the ventilated lung, hypercarbia, heart failure, or pre-
existing pulmonary hypertension may diminish the effects of
HPV. Extremely low pulmonary artery pressures also may hin-
derHPV if part of the dependent lung exhibitsWest zone I phys-
iology, in which alveolar pressure exceeds pulmonary artery
pressure. Alkalosis globally inhibits HPV, and acidosis globally
accentuates it.

Pharmacologic agents may affect the efficiency of HPV.
Inhalation agents have been shown to inhibit HPV in in vitro
studies; however, in vivo studies have been conflicting at best.
Clinically, the overall effect on HPV is felt to be insignificant in
the doses used in the operating room. Vasodilating agents such
as nitroglycerin, nitroprusside, dobutamine, calcium channel
blockers, and hydralazine can hinder HPV. Vasoconstricting
agents, if they increase the dependent lung pulmonary artery
pressure, may lead to increased perfusion of the operative lung,
which will increase the shunt fraction. This, however, may be
offset by increased cardiac output, increasedmixed venous oxy-
gen saturation, and decreased zone 1 conditions in the depen-
dent lung. Almitrine, a respiratory stimulant, augments HPV at
lower doses and improves oxygenation. It is not available clini-
cally in the United States.
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Chapter

88 Anesthetic management for pulmonary resection
Sarah H. Wiser and Philip M. Hartigan

Introduction
Pulmonary resection may be performed for a variety of malig-
nant and nonmalignant indications. Broad generalizations can
bemade based on the specific lesion being resected (Table 88.1),
but anesthetic management is largely dictated by the surgical
approach, the anticipated extent of resection, and the patient’s
pathophysiology. Lobectomy is considered here as an archetype
for management of pulmonary resection in general. Special
considerations for pneumonectomy and for patients with severe
lung disease are also discussed. In this broad practical review,
emphasis is placed on information germane to anesthetic
management.

Lung cancer is now the leading source of cancer-related
deaths in North America. In the United States, more than
160,000 deaths from lung cancer occurred in 2008. Without
surgery, 5-year survival from lung cancer remains stubbornly
fixed at 10% to 15%. Pulmonary resection for lung cancer there-
fore is considered semi-elective.

Immediate preoperative evaluation
The formal preoperative evaluation generally takes place days to
weeks prior to surgery. On the day of surgery, interval changes
in health status should be sought, with particular attention paid
to pulmonary symptoms (e.g., wheezing, sputum production,
dyspnea). Unlike with nonthoracic surgery, the most frequent
serious postoperative complications are respiratory in nature
(atelectasis, pneumonia, respiratory failure). An experienced
pulmonary surgical program should be able to select opera-
ble candidates based on published criteria. Risk modification
may be accomplished by minor postponements to gain control
of acute exacerbations of bronchospasm or significant infec-
tions. Malignant pleural effusions may increase in the interval
between the preoperative imaging and the day of surgery, and
in extreme cases, thoracentesis prior to induction can reduce
risk. Cardiac disease is prevalent in this population composed
largely of smokers, and interval changes in cardiac status should
also be sought. Prior to entering the operating room, the team
should have the clearest possible picture of the following:

� The surgical plan, including the best guess at the extent of
incision

� Themaximum tolerable extent of resection based on
respiratory mechanics, cardiopulmonary reserve, and lung
parenchymal function

� The plan for lung isolation and postoperative pain control
� The side of surgery, based on radiographic data consistent

with written and verbal communications and consents
involving surgeon and patient
Assessment of the maximum tolerable extent of resection is

an evolving, imprecise science. Most surgeons place the most
stock in the predicted postoperative forced expiratory volume
in 1 second (ppoFEV1). ppoFEV1 is the preoperative FEV1 pro-
portionally reduced by the amount of proposed lung resection,
and can be calculated as follows: ppoFEV1 = preoperative FEV1
[1 − (% functional lung tissue to be removed/100)]. The num-
ber of segments removed can be estimated by the location
and extent of resection (Fig. 88.1). If ventilation–perfusion
scans are available, this can be estimated with greater precision.
Lung parenchymal function is assessed by diffusing capacity of
lung for carbon monoxide (Dlco) or arterial blood gas assess-
ments of gas exchange (PO2, PCO2). Cardiopulmonary reserve
is estimated from oxygen consumption (MVO2), exercise tol-
erance, or extent of desaturation during exertion. Patients are
at high risk for postoperative respiratory failure if the extent

right upper lobe left upper lobe

left lower lobe
right lower lobe

right middle lobe

Figure 88.1. Distribution of lung segments between the right and left lungs.



Table 88.1. Anesthetic considerations for pulmonary resection for various lesions

Lesion type Associated considerations

Squamous cell Central lesions (predominantly)
Mass effects (obstruction, cavitation, compression)
Hypercalcemia

Adenocarcinoma Peripheral lesions
Distant metastases
Growth hormone, corticotrophin
Hypertrophic osteoarthropathy

Small cell Central lesions (predominantly)
Paraneoplastic syndromes
Eaton-Lambert (myasthenic) syndrome
Proximal limb weakness, improved with activity
Increased sensitivity to depolarizing and nondepolarizing relaxants
Poor response to anticholinesterases
Fast growth rate and early metastases
Rarely resectable at diagnosis

Carcinoid Proximal, intrabronchial lesions
Often misdiagnosed as asthma
Carcinoid syndrome (rare) (see Table 88.3)
“Benign,” slow growth rate
Prone to bleeding
Potentially obstructive, with possible postobstructive pneumonia

Mesothelioma Pleural based
Direct extension to pericardium, diaphragm
Often with associated effusion
Difficult dissection associated with significant intraoperative hemorrhage
Extrapleural pneumonectomy at risk for cardiac arrhythmias, compression effects, cardiac herniation
Pleurectomy associated with large postoperative air leak

Thymectomy Mediastinal location
Potential mass effect, but rarely significant
Associated with myasthenia gravis
Weakness exacerbated by activity
Destruction of acetylcholine receptors at neuromuscular junction
Clinical behavior depends on state of treatment with anticholinesterases
Undertreatment = myasthenic crisis
Overtreatment = cholinergic crisis
Generally resistant to succinylcholine and highly sensitive to nondepolarizing muscle relaxants
Consider preoperative plasmapheresis

Lung volume Severe emphysema
Reduction surgery/bullectomy High risk for air trapping during OLV

High risk for dynamic hyperinflation and volutrauma/pneumothorax
High risk for hypercapnia
High risk for postoperative respiratory failure

Lung abscess Risk of cross-contamination of contralateral lung

Empyema Potential septic physiology

Decortication Potential for hemorrhage

Arteriovenous malformation Congenital or acquired from trauma, surgery, portal hypertension, schistosomiasis
Usually connects pulmonary arteries and veins (right-to-left shunt)
Rarely between bronchial arteries and pulmonary veins (left-to-right shunt)
Risk of embolic events, stroke, hemorrhage
Associated with hereditary hemorrhagic telangiectasias
Potential difficulty with one-lung oxygenation (esp. if bilateral arteriovenous malformations)

Lung cysts/bullae Congenital
Bronchogenic cysts
Congenital cystic adenomatoid malformation
Pulmonary sequestration
Congenital lobar emphysema

Acquired
Bullous emphysema
Pulmonary hydatid cysts
Pneumatocele
Potential for mass effects
Potential for cross-contamination or septic physiology from infected cysts
Potential to trap air during positive pressure ventilation if they communicate with the airway
Risk of postoperative air leaks

Adapted from Slinger PD, Johnston MR. Preoperative evaluation of the thoracic surgery patient. In: Kaplan JA, Slinger PD, eds. Thoracic
Anesthesia. 3rd ed. Philadelphia: Churchill Livingstone; 2003:15.
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Table 88.2. Factors associated with desaturation during one-lung
ventilation

High proportion of pulmonary perfusion to the operative lung
Low PaO2 during two-lung ventilation
Significant pathology of the nonoperative lung (pneumonia, prior

resection, effusion, edema, restrictive disease, etc.)
Normal or increased ratio of FEV1/FVC
Right-sided surgery
Supine position

Adapted from Slinger PD, Johnston MR. Preoperative evaluation of the tho-
racic surgery patient. In: Kaplan JA, Slinger PD, eds. Thoracic Anesthesia. 3rd
ed. Philadelphia: Churchill Livingstone; 2003:19.

of resection would leave them with a ppoFEV1 � 30% of pre-
dicted, or if their lung function and cardiopulmonary reserve
are significantly limited relative to the proposed amount of
resection.

Anesthetic management of pulmonary resection patients
needs to consider the anatomic and physiologic effects of the
tumor and any associated treatment. Tumors of the chest may
effect anesthetic management through mass effects or through
metabolic or paraneoplastic effects (Table 88.1). Chemother-
apy may leave patients with impaired renal function (cisplatin)
or at increased risk of oxygen toxicity (bleomycin). Distorted
or anomalous tracheobronchial anatomy may alter the plan for
lung isolation. Factors that have been associated with desatu-
ration during one-lung anesthesia are listed in Table 88.2. The
most powerful predictor of intolerance of one-lung ventilation
(OLV) is a proportionately high perfusion of the operative lung.
Prior ipsilateral chest surgery will increase the likelihood of
extending aminimally invasive incision because of the presence
of adhesions.

Anesthesia for lobectomy and
lesser resections
Introduction
Non–small cell lung cancers (NSCLCs; large cell, squamous
cell, and adenocarcinomas) are the most common indication
for pulmonary resection. Lobectomy is the currently accepted
treatment for resectable (stage I–IIIa) NSCLC. Segmentectomy
entails the anatomic dissection and excision of sublobar seg-
ments of lung, whereas wedge resection implies nonanatomic
excision. Segmentectomy or wedge resection may be per-
formed for diagnosis of a nodule, for therapy for very small
lesions, or for patients who would not tolerate a lobectomy.
Such parenchymal-sparing resections formalignant pulmonary
lesions are controversial, although they increasingly are being
employed. Sleeve lobectomy entails removal of a portion of the
mainstem bronchus along with the lobe, followed by reattach-
ment of the uninvolved lobe(s) (Fig. 88.2). Sleeve lobectomy
and right-sided bi-lobectomy are parenchymal-sparing alterna-
tives to pneumonectomy for patients in whom a simple lobec-
tomy would fail to yield clean proximal margins.

Figure 88.2. Right upper lobe sleeve resection.

Guiding and goals of anesthetic care for lobectomy and
lesser resections include obtaining lung isolation, satisfactory
one-lung gas exchange, avoidance of lung injury, hemodynamic
stability, control of bronchospasm and secretions, rapid emer-
gence and extubation, and excellent pain control. Early
extubation with pain control that allows for deep breathing,
effective coughing, and early ambulation is considered impor-
tant to reduce pulmonary complications. High-quality lung iso-
lation is instrumental to the surgeon’s ability to visualize and
operate through minimally invasive incisions.

Surgical approaches
The traditional posterolateral thoracotomy provides excellent
access to the lung and hilum but involves an extensive incision;
division of serratus anterior, latissimus dorsi, and intercostal
muscles; and possibly resection of portions of the fifth or sixth
rib. Increasingly, full posterolateral thoracotomy is reserved for
excision of extensive masses or difficult dissections. Video and
stapling instrument technology has enabled most resections
to be performed via limited muscle-sparing thoracotomy or
video-assisted thoracoscopic approaches. Video-assisted tho-
racoscopic surgery (VATS) generally entails the placement of
three ports for the camera and instruments in a triangular pat-
tern (Fig. 88.3). One “utility port” is often extended, as needed,
to remove the specimen or to perform operative tasks. There-
fore, the extent of the surgical incision varies from porthole
to mini-thoracotomy, and may evolve over the course of the
surgery as difficulties are encountered. The extent of pain and
recovery are only loosely related to the extent of incision, possi-
bly reflecting the influence of other variables, including retrac-
tion, intercostal nerve injury, and anesthetic care. Anterior
thoracotomy, sternotomy, or clamshell incisions (bilateral ante-
rior thoracotomies with transverse sternotomy) occasionally
are used for anterior, mediastinal, or bilateral surgeries, and
would entail supine or semi-supine positions.
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Figure 88.3. Thoracoscopic port placement with triangulation of the lesion
of interest.

Preparation for induction
Although most pulmonary resections involve limited blood
loss, the potential for major bleeding from hilar vessels must
be considered. Invasive arterial blood pressure monitoring is
indicated prior to high-risk inductions (see later), for sicker
patients, and for more extensive or central surgery. Placement
of thoracic epidural catheters and the extent of intravenous (IV)
access and invasive hemodynamic monitoring are dictated by
the anticipated extent of the surgical trespass and the phys-
iologic fragility of the patient. Radiographic data, history of
prior chest surgery (ipsilateral adhesions), and communication
with the surgeon help define the risk of significant bleeding
or the likelihood that a VATS approach will be extended to a
thoracotomy.

Premedication is dictated by the clinical scenario. Sedation,
as always, should be tailored to the needs and reserves of the
patient. Inhaled bronchodilator treatments given in the imme-
diate preoperative period are advocated for patients with a his-
tory of bronchospasm.

Epidural decisions
Thoracic epidural analgesia (TEA) is the most widely used
means of controlling postthoracotomy pain. Compared with
parenteral opiates, TEA is superior for control of the dynamic
pain associated with deep breathing and coughing, and for

the preservation of lung function by spirometry. Evidence sug-
gests thatmany pulmonary and cardiac complications, and pos-
sibly chronic postthoracotomy pain, are reduced by effective
perioperative epidural pain control. TEA is generally not nec-
essary for lesser resections performed through very limited
VATS approaches. The indication for TEA is intermediate for
more complicated VATS resections. Generally, any lobectomy
(including VATS) requires at least a mini-thoracotomy just to
remove the specimen, and the technical challenge of segmen-
tectomy often warrants larger utility ports. Because the extent
of the incisionmay be uncertain upfront, the preoperative deci-
sion to place a thoracic epidural catheter may be challenging.
One approach is to place epidurals in all patients undergo-
ing pulmonary resection, except those undergoing straightfor-
ward wedge resection. TEA should also be considered in the
physiologically fragile patient, even when undergoing wedge
resection. The usual contraindications for epidural catheters
would apply (e.g., coagulopathy, patient refusal, overlying
infection).

Not uncommonly, the extent of incision or resection may
change intraoperatively in a patient without an epidural. Such
patients may be allowed to emerge with reasonable com-
fort for immediate postoperative awake epidural placement by
using intercostal nerve blocks combined with moderate nar-
cotic analgesia. Although not without controversy, a compelling
argument has been made that the risk/benefit ratio of TEA
placement in the anesthetized patient is unfavorable in adult
patients.

Special monitoring considerations
for thoracic surgery
Left-sided thoracic procedures preclude formal diagnostic
placement of electrocardiographic (ECG) leads. Moreover, the
mediastinal shift, which occurs with an open chest and lateral
decubitus position, alters the position of the heart relative
to the chest wall, potentially further reducing ECG sensitiv-
ity to ischemia. Arterial catheters are widely used whenever
OLV is prolonged or tenuous, or when hemodynamic manage-
ment dictates. Central venous pressure (CVP) measurements
may be confounded by the open pneumothorax or surgical
manipulations and should be followed for trends as opposed
to absolute numbers. A central venous line is often primarily
indicated for patients with significant cardiac disease, for resus-
citation in patients with poor peripheral intravenous access,
or for postoperative management. Pulmonary artery (PA)
catheters may be problematic during thoracic surgery. If the
catheter tip is positioned in the atelectatic lung, both pressure
and cardiac output measurements will be unreliable.There also
is risk of the catheter getting caught in the surgical staple line.
PA catheters are reserved for management of significant pul-
monary hypertension or severe cardiac valvular disease. Trans-
esophageal echocardiography may be a superior intraoperative
monitor for such situations. The experienced thoracic anesthe-
siologist will pay close attention to capnogram waveform and
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lung compliance changes as indicators of the degree of obstruc-
tion and early warning signs of tube malposition, accumulating
secretions, or developing bronchospasm. Modern anesthesia
machines offer continuous spirometry, which also may be very
helpful in recognizing changing lung or airway function.

Special induction considerations
for thoracic surgery
Aside from the usual considerations for induction (e.g., drug
effects, aspiration, a secure airway), four issues deserve special
consideration in thoracic patients: (1) bronchospasm, (2) air
trapping, (3)mass effects on cardiac output, and (4)mass effects
on airway patency. These issues are described as follows:

1. Bronchospasm. Smoking and chronic obstructive
pulmonary disease (COPD), both of which are highly
prevalent in thoracic patients, predispose to airway
hyperreactivity. Airway manipulation at induction may be
a potent trigger of bronchospasm in predisposed patients.
Among the many strategies that have been proposed to
circumvent this, adequate depth of anesthesia at the time of
airway instrumentation is the most important. Narcotics
and inhalational anesthetics have advantages over
histamine-releasing agents. Preemptive bronchodilator
treatments were mentioned earlier. The theoretic risk of
�-adrenergic–blocking drugs is often overstated, and if
indicated for cardiac reasons, such drugs should not
generally be withheld for fear of bronchospasm. Recent
upper respiratory infections or exacerbations of COPD
should be under control for 2 weeks prior to surgery, if
possible.

2. Air trapping. Expiratory flow limitation in patients with
obstructive lung disease mandates long expiratory times to
prevent air trapping, or auto-positive end-expiratory
pressure (auto-PEEP). Failure to remember this during
induction may result in sufficient auto-PEEP to cause
hemodynamic instability or barotrauma. Patients with
bullous emphysema or severe COPD (FEV1 � 40%
predicted) are particularly prone. Tension pneumothorax
and cardiac arrest have been reported with induction of
such patients. Bronchospasm, mass-induced dynamic
airway obstruction, and the resistance of long, narrow
endotracheal tubes (such as double-lumen tubes [DLTs])
also predispose to auto-PEEP.

3. Mass effect on cardiac output. Occasionally, thoracic tumors
or effusions may affect cardiac output through their mass
effect within the thorax. The supine position, induction of
general anesthesia, and initiation of positive pressure
ventilation may enhance this mechanism. Impaired venous
return due to increased intrathoracic pressure, or impaired
diastolic filling of the heart due to a tamponade-like effect
of a mass or effusion, will be exacerbated by the reduction
in functional residual capacity (FRC) associated with
anesthesia, as well as the transition from negative to

positive pressure ventilation. Preinduction review of the
chest CT is important in evaluating the potential effects of
a large mass situated anterior to or compressing the heart
or great vessels. Preoperative symptoms of positional
dyspnea or lightheadedness may be clues. Preemptive
vasopressors, careful choice of induction agents, positional
adjustments, and fluid loading generally succeed in
defending venous return and cardiac output during
induction. Superior vena cava (SVC) compression, evident
from CT scans or the signs of SVC syndrome, mandates a
lower-extremity IV line prior to induction and may require
cautious airway manipulation secondary to venous
congestion of the head. Patients with large, positionally
symptomatic anterior mediastinal masses are at increased
risk and are discussed more thoroughly in Chapter 91.

4. Mass effect on airway patency.The FRC reduction imposed
by the supine position and induction of anesthesia
translates to a reduction in the caliber of major airways.
Extrinsic compression, or intrinsic obstruction, of airways
by masses is thus exacerbated by induction and may result
in total obstruction of major airways.

Lung isolation decisions
Many institutions prefer left-sided DLTs (L-DLTs) for most
lobectomies or lesser resections of either side. If a left-sided
pneumonectomyor sleeve resection is contemplated, the L-DLT
may need to be withdrawn somewhat.The potential for disrup-
tion of the stump or anastomosis by the L-DLT is not trivial.
Therefore, right-sided DLTs are recommended as a preferred
option, anatomy permitting. The initial bronchoscopic exam-
ination by the surgeon to evaluate or rule out endobronchial
pathology is an opportunity for the anesthesiologist to evalu-
ate the anatomy and form a definitive plan for lung isolation.
A bronchial blocker placed in the left mainstem will also work
well for left pneumonectomies, but must be withdrawn at the
time of bronchial cross-clamp to avoid being caught in the sta-
ple line. Pros and cons of the different lung isolation options are
discussed in the previous chapter.

Positioning
Full lateral decubitus position is used for the vast majority of
lung resections (Fig. 88.4). Vulnerable pressure points include
the hips, shoulders, ears, and eyes. The neck should be main-
tained in axial alignment with the spine, using soft padding to
support the head, with the ears and eyes protected. An axillary
roll is traditionally positioned just below the dependent axilla to
offload pressure from the head of the humerus on the neurovas-
cular bundle. The nondependent arm must be supported with
attention to avoid stress to the brachial plexus. Tape across the
hip theoretically may cause a pressure necrosis of the femoral
neck if too tight.The dependent leg is bent, and stabilizers (bol-
sters or beanbag system) are arranged to prevent anterior or
posterior movement. Flexion of the table aids surgical access by
widening the spaces between the ribs.
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Figure 88.4. Lateral decubitus position.

Choice of anesthetics
No acknowledged “best” anesthetic regimen for thoracic
surgery exists. Advocates of inhalation agent–based techniques
cite their convenience, ease of titration, and bronchodilat-
ing properties. Potential disadvantages are that all current
inhalational agents inhibit hypoxic pulmonary vasoconstric-
tion (HPV) and depend on the lungs for their elimination.
Despite HPV inhibition in vitro, volatile anesthetics exhibit
minimal effects on oxygenation duringOLVwhen used in clini-
cally relevant dosages (�1.5minimum alveolar concentration).
Moreover, excluding enflurane, there is no significant difference
among agents with regard to OLV at comparable concentra-
tions. Delayed or unpredictable elimination may occur because
of the accumulation of inhalational agents within poorly venti-
lated lung units.Moreover, end-tidal agent levelsmay not reflect
the presence of such “reservoirs” of agent.

Total IV anesthesia (TIVA) agents (usually propofol plus a
short-acting narcotic) do not inhibitHPVanddonot rely on the
lungs for elimination. Elimination is not confounded by severe
obstructive lung disease but may be delayed in prolonged cases
if propofol doses accumulate, or if there is liver disease.

Operative events with anesthetic
management implications
Incision is an opportunity to assess anesthetic depth, and entry
into the chest allows the anesthesiologist to directly view the
quality of lung isolation and collapse. If the lung is inflated
and ventilating, the tube/blocker position is incorrect or the
bronchial cuff is underinflated or ruptured. If the lung is inflated
but not ventilating, the delayed collapse may be the result of
adhesions, poor elastic recoil (emphysema), secretions, or mal-
position of the DLT. The inflation of the bronchial cuff should
be reassessed, and a bronchoscope should be passed to confirm

tube position, suction secretions, and suction air from the oper-
ative lung. Patients with a severely reduced FEV1 will have very
slow collapse, and suctioning will have little beneficial effect
because of the principle of flow limitation. If a blocker rather
than a DLT was used, the onset of atelectasis may be somewhat
delayed. The application of suction to the operative bronchus
during apnea with the cuff deflated may encourage air egress
in this situation. Insufflation of CO2 into the chest under pres-
sure to encourage lung collapse generally is not recommended
because of the potential for a tension pneumothorax and hemo-
dynamic compromise. Physically compressing the chest with
surgical instruments may sometimes improve operative condi-
tions. High-quality atelectasis may be instrumental to the suc-
cess of a minimally invasive approach.

Often, surgeons must digitally palpate the lung to locate
target nodules. When performed through thoracoscopic ports,
this may sometimes be a challenge. Occasionally, a Valsalva
maneuver to the dependent lungwill raise themediastinumand
operative lung to allow the surgeon to reach and locate the nod-
ule, thus avoiding extension of the incision. Evacuation of the
stomach with an orogastric tube may also be helpful in allow-
ing the diaphragm to move more caudally, giving the surgeon
more room tomaneuver. Manipulation of the tumor rarely may
result in the release of vasoactive substances, such as with car-
cinoid tumors (Table 88.3).

The cross-clamping of vessels for lobectomies and lesser
resections generally has little impact on hemodynamics, but
the field should be observed at this time for bleeding. Stapling
instruments have been known to misfire, resulting in incom-
plete division of vessels. Division of the lobar bronchus during
lobectomy is also performed with a stapling instrument. Sur-
geons may request a bronchoscopic evaluation or a brief reex-
pansion of the remaining lobe(s) during cross-clamping, but
prior to firing the staples, to assure that only the target lobe is
within the staple line. Following removal of the specimen,many
surgeons request a “leak test.” With saline in the chest cavity,

Table 88.3. Carcinoid syndrome

Signs and symptoms Mediators Treatment

Cutaneous flushing Serotonin Octreotide (somatostatin
Bronchospasm Histamine analogue)
Hypotension Dopamine Avoid adrenergic stimulation
Hypertension Substance P Avoid sympathomimetics
Valvular heart disease Neurotensin Avoid tumor manipulation
Diarrhea, nausea, vomiting Prostaglandins Less effective agents:
Abdominal pain Kallikrein Histamine H1 and H2
Hyperglycemia antagonists
Hypoalbuminemia Corticosteroids
Pellagra Glucagon

5-HT receptor antagonists
α-Methyldopa

5-HT, selective serotonin 5-hydroxy tryptamine.
Adapted from Hartigan PM. Pulmonary resection. In: Kaplan JA, Slinger
PD, eds. Thoracic Anesthesia. 3rd ed. Philadelphia: Churchill Livingstone;
2003:238.
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such that the staple line is submerged, a brief period of positive
pressure (� 30 cm H2O) is delivered to the operative lung, and
the stump is observed for bubbles.

Prior to chest closure, effective recruitment of the remaining
lung to maximally obliterate the intrathoracic space is impor-
tant, but care should be taken not to injure the remaining lung
or “blow” open the lobar stump (or parenchymal staple line in
the case of a wedge resection). Experience and extrapolation
of intensive care unit (ICU) data suggest that exceeding 40 cm
H2O may be imprudent. Less than 30 cm H2O is widely con-
sidered acceptable, but some patients may have tenuous staple
lines ormore delicate tissue. A bronchoscopic cleanout of secre-
tions may allow more effective recruitment at lower pressures.
Following recruitment and chest closure, two-lung ventilation
should be resumed at volumes that account for the amount of
remaining lung. Chest tubes should be placed on suction for the
remainder of the case, unless a pneumonectomywas performed
(see later).

Pathophysiology of OLV
Tightmatching of pulmonary ventilation (V) and perfusion (Q)
is essential for efficient gas exchange. V/Q relationships dur-
ing typical pulmonary resection surgery are severely disrupted
by OLV, the lateral decubitus position, an open pneumotho-
rax, positive pressure ventilation, general anesthesia, paralysis,
and underlying lung disease. These factors lead to shunt in the
nondependent and dependent lungs, as well as V/Q mismatch
in the dependent lung. PaO2 (at a fraction of inspired oxygen
content [FiO2] = 1.0) in this scenario typically falls from the
400–mm Hg range to approximately 150 mm Hg. On average,
nondependent lung blood flow (nondependent lung shunt) is
reduced from 45% to 55% to approximately 20% of cardiac out-
put, principally because of gravity and HPV. Shunt occurs in
the dependent lung as a result of atelectasis imposed by the
weight of the mediastinum, the upward pressure of the depen-
dent hemidiaphragm, and the restrictive forces of the table and
anterior/posterior stabilizers. Additional V/Qmismatch occurs
in the dependent lung as a result of intrinsic parenchymal dis-
ease or disruptions in pulmonary blood flow or ventilation
(e.g., DLT malposition, secretions, bronchospasm, inhibitors
of HPV).

Hypoxemia during OLV
The reported incidence of hypoxemia during OLV has de-
creased from � 20% in the 1970s to � 1% currently because
of improved DLT designs, bronchoscopic positioning of DLTs,
and improved understanding of the physiology of OLV. Actions
to minimize shunt in the dependent and nondependent lungs
are the principal maneuvers to address hypoxemia during OLV,
whereas V/Q mismatch due to parenchymal disease is more
difficult to manipulate. Treatment of hypoxemia should be
individualized based on the most likely cause(s) and the con-
text of the surgery (Table 88.4). An FiO2 of 1.0 should be
assured. If the desaturation is abrupt or severe, reinflation of the

Table 88.4. Treatment of hypoxemia during OLV

Confirm FiO2 = 1.0
Bronchoscopy to rule out obstruction/malposition
Temporary reinflation of operative lung
Recruitment maneuver to nonoperative lung
CPAP to operative lung
PEEP to nonoperative lung
Cross-clamp of pulmonary artery, or branch thereof

nondependent lung should be performed in coordination with
the surgeon. If time permits, bronchoscopy should be per-
formed to rule out tubemalposition or obstructions from secre-
tions, blood, kinks, and so on. PEEP delivered to the dependent
lung may help by combating shunt in that lung, particularly in
patients prone to atelectasis (see “Optimal PEEP”). Continuous
positive airway pressure (CPAP; 2–5 cm H2O) delivered to the
nondependent lung generally improves oxygenation but may
partially reinflate the operative lung.During a thoracotomy, this
may be acceptable, but during VATS approaches, it may limit
surgical visualization and force extension of the incision.When
surgical cross-clamp of the PA branch is imminent, marginal
saturations may be tolerated briefly, knowing that cross-clamp
likelywill improve oxygenation by reducingnondependent lung
shunt.The patient with hyperreactive airways may benefit from
inline aerosolized bronchodilator treatments.

Hypoxic pulmonary vasoconstriction
During OLV, HPV is critical to reduce nondependent lung
blood flow, as well as to fine-tune V/Q matching in the depen-
dent lung. HPV is an exquisitely local phenomenon of the pul-
monarymicrovasculature, responding primarily to low alveolar
oxygen tension and secondarily to low mixed venous oxygen
levels. Although its precise mechanism remains obscure, HPV
is thought to be mediated by voltage-gated potassium chan-
nels. HPV is inhibited by most vasodilators and by all currently
used inhalational anesthetic agents in a dose-dependent man-
ner (in vitro). Hypercapnia and acidosis enhance HPV, whereas
hypocapnia and alkalosis inhibit it. The net effect of any vari-
able on oxygenation during OLV depends on its integrated
effects on HPV (direct and indirect), cardiac output, andmixed
venous oxygen tension, and cannot be easily predicted. Aside
from avoiding obvious offenders (e.g., high-dose nitrodilator
infusions), attempts to improve one-lung oxygenation by
manipulation of HPV are rarely productive. Because inhala-
tional anesthetic agents inhibit HPV and most intravenous
anesthetics do not, TIVA has been proposed to improve oxy-
genation during OLV. Clinical studies are currently mixed on
this matter, which is complicated by secondary effects on car-
diac output and mixed venous oxygen saturation. Similarly,
inhaled nitric oxide delivered to the dependent lung, which
might be expected to improve one-lung oxygenation by reduc-
ing nondependent lung shunt, has producedmixed experimen-
tal results.
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Figure 88.5. Relationship during OLV between airflow obstruction as
measured by the FEV1/FVC percentage and the occurrence of auto-PEEP.
(From Ducros O, Moutafis M, Castelian M, et al. Pulmonary air trapping during
two-lung and one-lung ventilation. J Cardiothoracic Vasc Anesth 1999; 13:35.)

Optimal PEEP
Excessive airway pressures in the dependent lung may redirect
bloodflow to the nondependent lung, increasing total shunt and
reducing oxygenation during OLV. Thus, PEEP to the depen-
dent lung is a double-edged sword. Whether PEEP will result
in improvement or deterioration of oxygenation depends on
the patient’s preexisting physiology.Thosewith restrictive phys-
iology of the dependent lung (e.g., pulmonary fibrosis, obe-
sity) or young patients with normal lung elastic recoil likely
would benefit from some PEEP. Those with severe obstructive
disease often have unavoidable levels of auto-PEEP already at
or beyond optimal PEEP. The risk of auto-PEEP during OLV
is directly proportional to the severity of obstructive lung dis-
ease asmeasured by FEV1/forced vital capacity (FVC) ratio (Fig.
88.5). The addition of extrinsic PEEP (ventilator delivered) to
such patients will neither benefit oxygenation nor increase total
PEEP until threshold levels (∼ 75% of preexisting auto-PEEP)
are exceeded. Beyond that threshold level, further increases in
dependent-lung PEEP will increase airway pressures and non-
dependent lung shunt to the detriment of oxygenation. The
degree of auto-PEEP is not measurable by standard anesthesia
ventilators but can be detected by briefly disconnecting the cir-
cuit and observing for end-expiratory airflow. A useful strat-
egy is to begin with low levels of extrinsic PEEP (� 5 cm H2O)
and to incrementally increase PEEP using oxygen saturation of
hemoglobin (SpO2) as a guide in patients who are hypoxemic
during OLV.

Avoidance of ventilator-induced lung injury
Ventilator-induced lung injury (VILI) results from excessive
overdistention (volutrauma) and/or from the shear stresses

Table 88.5. Recommended OLV strategies to avoid VILI

Tidal volume = 6 ml/kg ideal body weight
PEEP in patients without auto-PEEP
Limit plateau pressures to <25 cm H2O
Limit peak inspiratory pressures to <35 cm H2O
Intermittent recruitment maneuvers

of repeated collapse and reexpansion of lung units (atelecto-
trauma). Because the dependent lung during OLV is prone to
intermittent atelectasis, and is free to hyperexpand with high
airway pressures because of the open pneumothorax, theoreti-
cally it is especially vulnerable to VILI. A proportion of patients
develop acute lung injury with no apparent cause following pul-
monary resection. It has been postulated that VILImay account
for some of these cases. Recommendations for single-lung ven-
tilatory settings consequently shifted to lung-protective strate-
gies (Table 88.5). There is no firm prospective evidence at this
writing, however, that traditional OLV strategies (tidal volume
= 10 ml/kg) are injurious or that protective strategies improve
outcome. Isolated perfused rabbit lung preparations displayed
reduced stigmata of injury (elevated lung water, PA pressures,
and thromboxane A1) with similar protective ventilatory strate-
gies, compared with conventional OLV. Ultimately, ventilatory
settings must be individualized, and a compromise often must
be sought between optimal gas exchange and the perceived risk
of lung injury. This balance is most tenuous in patients with
severe obstructive lung disease, in whom temporary hypoven-
tilation (permissive hypercapnia) is often necessary.

Fluid management and postpneumonectomy
pulmonary edema
Barring unusual blood loss, conservative fluid management
for pulmonary resection has become a widely entrenched
practice. Published recommendations are for a target positive
24-hour fluid balance of � 20 ml/kg. This stems from the
recognition that all pulmonary resections are potentially vul-
nerable to postpneumonectomy pulmonary edema (PPE). PPE
occurs in 2% to 4% of pneumonectomies and is a diagno-
sis of exclusion with a high mortality (50%). Also referred to
as acute lung injury (ALI) following pulmonary resection, it
manifests in hours to days following pulmonary resection as
radiographic pulmonary edema and impaired gas exchange and
may progress to acute respiratory distress syndrome. It is more
common following right pneumonectomy and less common
following lobectomy. Other known causes, including cardio-
genic and infectious causes, must be excluded. Low cardiac
filling pressures and high protein content in bronchial lavage
of such patients speak to an impairment of pulmonary cap-
illary integrity. Postulated etiologies include oxygen toxicity,
VILI, and unbalanced chest tube drainage. Impaired lymphatic
drainage is undoubtedly contributory and may explain why left
pneumonectomies are less vulnerable (lymphatic drainage is
better preserved).
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Intraoperative fluid administration by anesthesiologists had
been postulated to be a cause but is now regarded as only a
potentially exacerbating factor. If ALI occurs from any cause,
excessive crystalloid would logically exacerbate gas exchange
by increasing hydrostatic pressures across leaky pulmonary
capillaries. The limited gas exchange reserves and lymphatic
drainage of pneumonectomy patients make the process more
difficult to reverse. This rationale for conservative fluid man-
agement must be individualized and always balanced against
the imperative for sufficient intravascular volume to assure ade-
quate end-organ perfusion and to tolerate thoracic epidural
sympathetic blockade (if applicable).

Emergence strategies
The conclusion of surgery usually entails resumption of the
supine position, exchange of the DLT for a single-lumen tube or
laryngeal mask airway, and a cleansing bronchoscopy. The lat-
ter also serves to examine the lobar stump and to rule out other
issues (e.g., torsion of the middle lobe following right lower
lobectomy). The use of a high FiO2 plus aggressive broncho-
scopic suctioning predisposes to atelectasis, and efforts should
be made to reexpand the lungs post bronchoscopy. Instrumen-
tation of the airway may provoke bronchospasm. Augmenting
anesthetic depth (e.g., with remifentanil) and administering
inline inhaled bronchodilators can combat this. Pulmonary
mechanics should be optimized by raising the head of the bed
prior to extubation. Any splinting from incisional or rib pain
should be addressed aggressively with the indwelling epidu-
ral catheter, alternative nerve blocks (paravertebral or inter-
costal), intravenous narcotics, or adjuncts (e.g., nonsteroidal
anti-inflammatory drugs, ketamine, dexmedetomidine). Sup-
plemental postoperative oxygen is appropriate for all pul-
monary resection patients, with the possible exception of those
who received bleomycin therapy. The commonly held fear
that oxygen will inhibit the respiratory drive of CO2-retaining
COPD patients is unfounded.

Special considerations for pneumonectomy
Patient selection
Pneumonectomy ismost commonly performed forNSCLC that
is centrally located, adherent to hilar structures, or crossing
a major fissure. Although more frequently the case in devel-
oping countries, pneumonectomy may also be performed for
intractable hemorrhagic bronchiectasis or to remove a lung
destroyed by suppurative disease or trauma. Mortality follow-
ing pneumonectomy is generally 5% to 7%, compared with
2% to 3% for lobectomy (bi-lobectomy is similar to pneu-
monectomy). Resectability for pneumonectomy is defined by
the stage (no contralateral or distant metastases). Operability
is a clinical judgment based largely on perceived cardiopul-
monary reserve and ppoFEV1. Criteria considered to indicate
high risk are shown in Table 88.6. Violation of any of those cri-
teria necessitates split lung function testing to more accurately

Table 88.6. High-risk criteria for pneumonectomy

PaCO2 > 45 mm Hg (room air)
PaO2 < 50 mm Hg (room air)
FEV1 < 2 L
ppoFEV1 < 0.8 L (or < 40% predicted)
FEV1/FVC < 50% predicted
Max. breathing capacity < 50% predicted
Max. O2 consumption < 10 ml/kg/min
Exercise desaturation > 4%
Stair climb < 2 flights with dyspnea
ppoDLco < 40% predicted

ppoDLco, predicted postoperative diffusion capacity of the lungs to carbon
monoxide.

assess ppoFEV1, which is the metric most heavily relied upon.
In contrast to lesser resections, cardiac complications follow-
ing pneumonectomy are more frequent than pulmonary com-
plications as causes of perioperative mortality. Complications
of pneumonectomy are listed in Table 88.7.

Anesthesia-relevant surgical issues
for pneumonectomy
Variants of pneumonectomy include intrapericardial pneu-
monectomy (in which pulmonary veins are divided proximal
to pericardium), carinal pneumonectomy (in which the lung
is removed with a sleeve of trachea, carina, and bronchus,
and the contralateral bronchus is anastomosed to the tra-
chea), and extrapleural pneumonectomy (EPP). EPP involves

Table 88.7. Postoperative complications of pneumonectomy

Category Complication

Cardiovascular Arrhythmia (esp. atrial fibrillation)
Myocardial infarction
Right ventricular failure
Intracardiac shunt
Deep vein thrombosis
Pulmonary embolus
Postpericardiotomy syndrome
Cardiac herniation

Pulmonary Postpneumonectomy pulmonary edema
Pneumothorax
Pneumonia

Pneumonectomy space Bronchopleural fistula
Empyema
Postpneumonectomy syndrome
Hemothorax
Chylothorax

Oncologic Recurrence
Second primary

Neurologic Recurrent laryngeal nerve injury
Phrenic nerve injury
Vagal nerve injury
Paraplegia

Gastroesophageal Gastric volvulus
Esophagopleural fistula

Adapted from Jackson TA, Mehran RJ, Thaker D, et al. Postoperative compli-
cations after pneumonectomy. J Cardiothorac Vasc Anesth 2007; 21(5):743–
751.
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en block resection of lung, ipsilateral visceral and parietal pleu-
rae, hemidiaphragm, and pericardium, and is principally per-
formed in selected centers for malignant pleural mesothelioma.
All pneumonectomies require at least a muscle-sparing thora-
cotomy incision.

Catastrophic bleeding from loss of control of hilar vessels is
a rare but possible event in any pneumonectomy. Risk increases
with tumor proximity to the vessels. Intrapericardial division of
vessels is associated with more arrhythmias, and synchronized
cardioversion capability should be readily available. Following
division of the vessels, the bronchus is divided as proximally
as possible. This serves two purposes: it provides the great-
est tumor-free margin and results in the shortest stump. Long
bronchial stumps are associated with higher rates of breakdown
and bronchopleural fistula formation. Bronchoscopic visualiza-
tion of the carina by the anesthesiologist can help guide the
surgeon’s positioning of the bronchial cross-clamp. Reinforce-
ment of the bronchial stump with a vascular flap, such as a
pedicle of intercostal muscle, frequently is performed. A leak
test, described earlier, is performed with the stump submerged
in saline. Thereafter, attention to minimize peak inspiratory
pressure stress to the staple line is widely considered prudent.
Toward this end, immediate postoperative extubation is a prior-
ity. Prior to closure, if the pericardium and/or diaphragm have
been removed, they are reconstructed with prosthetic patches.

Special monitoring issues for pneumonectomy
Generous IV access and invasive arterial blood pressure
monitoring are generally recommended for pneumonectomy.
Despite the caveats described earlier, some experts advocate
central venous access. At the time of PA cross-clamp, the CVP
seldom changes. This is a result partly of the remarkable com-
pliance of the pulmonary vascular tree and partly of the fact that
the forces of gravity and HPV largely reduce cardiac output to
the operative lung prior to cross-clamp. An abrupt increase in
CVP at the time of PA cross-clamp may indicate right ventric-
ular intolerance of the increased afterload, but a failure of the
CVP to change is no reassurance that the right ventricle will
not subsequently fail. PA catheters are of limited value because
of the pitfalls of interpretation discussed earlier.

Cardiac herniation and mediastinal shift
Following pneumonectomy, the chest is closed with a drain in
place, but care is taken to prevent the inadvertent attachment of
the drain to suction, as this may precipitate cardiovascular col-
lapse frommediastinal shift or cardiac herniation. Cardiac her-
niation is the abrupt displacement of the heart into the empty
hemithorax, resulting in torsion of great vessels and the loss of
effective cardiac output. Cardiac herniation is most likely fol-
lowing right pneumonectomy with a pericardial defect that was
inadequately reconstructed. Resumption of the supine position
is a critical time when cardiac herniationmay occur. In its most
dramatic form, cardiac herniation results in abrupt cardiovas-
cular collapse. Returning the patient to the lateral position in

Table 88.8. Causes of hypotension at the conclusion of
pneumonectomy

Partial cardiac herniation
Tight pericardial patch (if applicable)
Mediastinal shift
Hypovolemia
Recent thoracic epidural bolus
Air trapping, auto-PEEP
Right ventricular failure
Myocardial ischemia
Tension pneumothorax

such a case is the appropriate therapeutic response. This will
return the heart to its physiologic position and allow the sur-
geon to reopen and place or repair an inadequate pericardial
patch. Inotropes, vasopressors, and closed chest cardiac mas-
sage are of no value to an empty heart herniated into an empty
hemithorax.

Rarely, right-to-left intracardiac shunts develop following
pneumonectomy as a result of mediastinal shift and rotation
of the heart such that the inferior vena caval orifice aligns
with the foramen ovale. Such patients may exhibit desaturation
in the upright position (platypnea orthodeoxia). Postpneu-
monectomy syndrome is a rare, late complication from shifting
of themediastinum resulting in the extrinsic compression of the
remaining mainstem bronchus.

Emergence
The same emergence strategies described earlier apply to pneu-
monectomy patients. Because there will always be at least
a muscle-sparing thoracotomy incision, aggressive thoracic
epidural (or paravertebral) blockade, as tolerated hemodynam-
ically, is advantageous. Mild hypotension at the conclusion of
surgery has many potential etiologies (Table 88.8), potentially
resulting in diagnostic confusion. Of these causes, mediastinal
shift resulting in partial embarrassment of venous return may
be especially difficult to rule out. Some surgeons preemptively
aspirate up to 200 ml of air from the chest drain. A portable
chest radiograph in the operating room is most effective in rul-
ing out mediastinal shift. Following extubation, many patients
report a sense of dyspnea despite adequate airmovement, which
may partly be the result of disruption in their sense of the
mechanics of breathing. Even the stable, comfortable, extubated
pneumonectomy patient warrants postoperative monitoring in
the ICU because of the dire and abrupt potential complications
of the operation (Table 88.7).
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Chapter

89 Lung transplantation
Vladimir Formanek

Lung transplantation is an accepted therapeutic intervention
for patients with end-stage lung disease. The anesthesiologist
faces many challenges when caring for a patient who presents
for transplantation. Individual cases may require the man-
agement of hypoxia or hypercapnia, invasive hemodynamic
monitoring, treatment of pulmonary hypertension and right
ventricular (RV) failure, familiarity with the management of
cardiopulmonary bypass, use of inhaled nitric oxide (NO), and
transesophageal echocardiography (TEE). Critical incidents are
common, and they may challenge even the most experienced
anesthesiologist.

Types of lung transplants
Lung transplantation encompasses a group of different opera-
tions selected based on recipient factors, donor organ availabil-
ity, and the transplant center’s preferences (Table 89.1).

Single-lung transplantation
The most common indications for single-lung transplantation
(SLT) are chronic obstructive pulmonary disease COPD and
pulmonary fibrosis. The operation involves a pneumonectomy
and transplantation of a single donor lung.Thenontransplanted
native lung is left in situ. After pneumonectomy, the donor
lung is implanted. This requires anastomosis of the bronchus,
pulmonary artery (PA), and a cuff of left atrium containing
the donor pulmonary veins to the recipient’s left atrium. The
bronchial circulation, lymphatics, and nerves are not restored.
Cardiopulmonary bypass (CPB) is needed in fewer than 10%
of cases, but CPB backup should be readily available. CPB
may be necessary because of hemodynamic instability, hypoxia,
or hypercarbia. SLT allows two recipients to benefit from one
donor.

Bilateral lung transplantation
The most common indications for bilateral or double-lung
transplantation (DLT) are cystic fibrosis, bronchiectasis, and
other infectious processes that would result in soilage of the
transplanted lung from the remaining native lung. Pulmonary
hypertension is another common indication. Restoration of a
normal pulmonary vasculature (via DLT) allows for optimal
recovery of the right heart. Evidence shows that long-term

mortality and graft function are better after DLT; therefore,
many centers now favor DLT for most patients. The operation
is done through a clamshell, subcostal incision (Fig. 89.1) or
through a median sternotomy. The anastomoses are the same
as for SLT. The procedure may be done with or without CPB.

Heart–lung transplantation
Heart–lung transplantation is usually reserved for patients with
pulmonary hypertension and congenital heart disease, Eisen-
menger’s syndrome, or primary pulmonary hypertension with
RV dysfunction. The heart and lungs are transplanted en bloc,
from a single donor, with CPB support. At present, heart–lung
transplantation is a rare operation. According to the United
Network forOrgan Sharing (UNOS; http://www.unos.org) data,
only 27 heart–lung transplants were performed in the United
States in 2008.

Pediatric transplantation
The most common indications for lung transplantation in
the pediatric population are cystic fibrosis, primary pul-
monary hypertension, bronchopulmonary dysplasia, arterio-
venous malformations, and hypoplastic lungs due to congenital
diaphragmatic hernia. The procedure invariably is a DLT with
the aid of extracorporeal circulation.

Living donor lung transplantation
Living donor lung transplantation involves the transplantation
of two lobes from two donors into a single recipient. With the
increasing disparity between the number of patients referred
for transplant and the availability of suitable cadaveric donor
organs, living donor transplantation developed as an alterna-
tive to cadaveric lung transplantation. Cystic fibrosis has been

Table 89.1. Types of lung transplantation currently performed in the
United States

SLT
DLT (with or without CPB)
Heart–lung transplant
Living donor transplant (2 donors donate one lobe each)
Pediatric lung transplant

http://www.unos.org
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Figure 89.1. Clamshell incision commonly used for DLT transplantation.

themost common indication.These patients are usually smaller
in stature, allowing two lobes from average-sized adult donors
to provide sufficient pulmonary tissue. The number of living
related transplants peaked at 29 in 1999 and declined in subse-
quent years. According to UNOS data, none was performed in
2008. The operation requires meticulous care of three patients.
The perioperative morbidity for donors is not insignificant, nor
is the burden on operating room resources.

Donor organs
The Organ Procurement and Transplantation Network
(http://optn.transplant.hrsa.gov) and UNOS are government-
sponsored organizations that register all patients listed for
transplantation. A centralized computer network links all
organ procurement organizations and transplant centers. Pro-
curement agencies facilitate matching of organs to recipients
throughout the United States. The system is set up to allocate
organs to the sickest patients while minimizing ischemic time.
Many transplant-related statistics are maintained by UNOS
and are available to the public through its Web site.

The lung allocation score system
The lung allocation score system is a relatively new method for
allocating lungs. Each candidate is assigned a score of 0 to 100
based on his or her medical urgency and probability of sur-
vival after transplant. The system uses several disease-specific
parameters and takes into consideration the likelihood of bene-
fit and long-term survival.The information includes laboratory
values, use of supplemental O2, functional status, disease diag-
nosis, and comorbidities. Each candidate’s informationmust be
updated every 6 months. This system appears to better match
limited organs to acute need, and may be the reason for the
decline in living donor transplants.

Donor lung procurement and preservation
Donor lungs traditionally have come frombrain-dead cadaveric
donors with preserved lung function. Fewer than 20%of donors
of other solid organs are considered suitable for lung donation.
Management of the lung donormay involve strict fluidmanage-
ment, bronchoscopy to assess for bronchopulmonary infection,
alteration of ventilator settings, arterial blood gas (ABG) mon-
itoring, and chest imaging. Intensive management of marginal
donors has been shown to improve the quality and to expand
the pool of donor lungs.

Preservation of the lung during harvest requires that the
allograft be cooled and flushed with a pulmoplegic solu-
tion. Some centers use high-dose steroids and/or pulmonary
vasodilators as well. The harvested lungs are kept partially
inflated. Ischemic times play a critical role. The time from
organ harvest to reperfusion in the recipient should be as
short as possible. The number of suitable recipients far exceeds
available organ donors; therefore, the expansion of the donor
pool is a major concern of all transplant centers. Donation of
organs after cardiac death has further expanded the donor pool.
Despite about an hour ofwarm ischemia, early results have been
promising.

Recipient selection and indications
Lung transplantation is indicated for patients with end-stage
lung disease, those who are failing maximal medical therapy,
and those forwhomno effectivemedical therapy exists. Because
lung transplantation remains a complex therapy with a signif-
icant risk of perioperative morbidity and mortality, potential
candidates should be well informed and able to demon-
strate adequate behavior and willingness to follow guidelines
from health care professionals. Referral for transplant assess-
ment is advisable for patients with �50% predicted 2- to
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Table 89.2. Breakdown of SLTs and DLTs according to indication

SLT (%) DLT (%)

COPD (50) Cystic fibrosis (28)
Idiopathic pulmonary fibrosis (28) COPD (24)
α1-Antitrypsin (7) Idiopathic pulmonary fibrosis (14)
Cystic fibrosis (2) α1-Antitrypsin (8)
Retransplant (2) Primary pulmonary hypertension (6)
Primary pulmonary hypertension (1) Retransplant (2)
Other (10) Other (18)

Data from the International Society for Heart and Lung Transplantation
(http://www.ishlt.org) registries for 1995 through 2007.

3-year survival. The distribution of lung transplants by indi-
cation is reviewed in Table 89.2; contraindications are listed in
Table 89.3.

Disease-specific indications
Disease-specific indications are as follows:
Pulmonary fibrosis: Diffusing capacity of lung for carbon
monoxide (Dlco) � 39%, a decrease in pulse oximeter
saturation to � 88% during the 6-minute walk test, and
“honeycombing” on high-resolution CT.
COPD: History of hospitalizations for acute exacerbations
with acute hypercapnia, PCO2 � 50 mmHg, pulmonary
hypertension, cor pulmonale despite O2 therapy, and forced
expiratory volume in the first second of expiration (FEV1)
� 20% predicted.
Connective tissue disorders (eosinophilic granuloma,
lymphangioleiomyomatosis, sarcoidosis): Hypoxia at rest
and severe impairment of lung function and exercise
capacity.
Cystic fibrosis: FEV1 � 30% or a rapid decline of FEV1,
exacerbations requiring an intensive care unit stay,
increasing frequency of exacerbations requiring antibiotic
therapy, and recurrent hemoptysis.
Bronchiectasis: Recurrent hemoptysis, pulmonary
hypertension, and recurrent infection.
Primary or secondary pulmonary hypertension: Persistent
New York Heart Association class III or IV on maximal

Table 89.3. Contraindications to lung transplantation

Contraindications
� Malignancy
� Advanced dysfunction of other organ systems
� Incurable chronic infection (e.g., HIV, hepatitis)
� Psychiatric conditions that preclude the ability to

cooperate with posttransplant medical care
Relative contraindications
� Age > 65 y (no hard limit exists)
� Critical unstable condition
� Colonization with highly virulent organism
� Mechanical ventilation or ECMO with small chance for

rehabilitation
� Severe chest wall deformity or pleural disease

Table 89.4. Essential studies during pretransplant evaluation

Chest radiography and CT scan of thorax
Pulmonary function test and ventilation–perfusion scan
ABG
Evaluation of renal and hepatic function
Electrocardiogram
Echocardiogram
Cardiac catheterization (as indicated for specific patients)
Complete blood count and coagulation studies
ABO blood typing
Viral serologies (e.g., HIV, hepatitis, cytomegalovirus)

medical therapy, cardiac index � 2, and failing therapy of
intravenous (IV) pulmonary vasodilators.

Workup of the pulmonary transplant recipient
The clinical evaluation and assessment for transplantation
should include characterization of the underlying lung disease,
evaluation for other organ system dysfunction, and determina-
tion of the patient’s ability to tolerate long-term immunosup-
pressive therapy. Essential studies are detailed in Table 89.4.
Patients with stable single-vessel coronary disease may still
qualify for lung transplantation. Stents or angioplasty may be
used in these patients.

Perioperative management
Patient monitoring
Essential and optional monitors are listed in Table 89.5. Most
transplant centers routinely use PA catheters for all lung trans-
plants. Continuous monitoring of PA pressures and RV per-
formance is considered essential by most clinicians. Additional
evaluation of cardiac performance can be donewithTEE. Place-
ment of a central venous line (via a double-stick technique) at
the same time the PA line is placed allows flexibility in the tim-
ing of removal of the PA line.

Preinduction
Patients usually arrive for the procedure well informed from
previous pulmonary clinic visits.Most patients have had a com-
pleteworkup, allowing the anesthesia care team todo a rapid but
complete preanesthetic assessment. It is important to ascertain
their NPO status (many have eaten within 8 hours of induction)

Table 89.5. Monitors used during lung transplantation

Essential monitors Additional monitors

Standard ASA monitors (ECG, pulse
oximeter, NIBP, ETCO2)

TEE

Invasive arterial pressure (radial/femoral) Depth of anesthesia
CVP/PA catheter Cerebral oximetry
Serial ABGs

CVP, central venous pressure; ECG, electrocardiogram; ETCO2, end-tidal car-
bon dioxide; NIBP, noninvasive blood pressure.
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and carefully evaluate the airway, as this component will likely
not have been previously evaluated.

Light sedation, antacid prophylaxis, nebulized bronchodila-
tors, and continued supplemental oxygen are likely appropriate.
A large-bore IV and an arterial line should be placed. If CPB is
unlikely, and time permits, a thoracic epidural catheter alsomay
be placed preoperatively.

Induction and intraoperative management
Before inducing general anesthesia, it is essential to confirm
timing with the transplant team. Once a decision is made to
proceed, the choice of anesthetic technique and induction or
maintenance drugs is less critical than the hemodynamic and
pulmonary management.

After initial intubation with a single-lumen endotracheal
tube, bronchoscopy is performed to clear secretions and assess
anatomy. A double-lumen tube is then placed. Typically, a left-
sided tube is used for everything except left SLTs, for which
a right-sided tube is indicated if anatomy permits. Central
venous and pulmonary artery catheters must now be placed
expediently. After induction, prophylactic antibiotics and ini-
tial immunosuppression, which typically involves high-dose
steroids plus an induction agent such as antithymocyte glob-
ulin (if the transplant center uses preimplantation induction),
are administered.

Single-lung transplant
For SLT, the patient is positioned for a standard thoracotomy.
The lung to be explanted is mobilized. Often, a test clamp of
the PA is performed prior to explantation. If the patient does
not tolerate one-lung ventilation (OLV) or the test clamp, then
CPB will be needed. Once the new lung is implanted, it should
be slowly reperfused and ventilated using the lung-protective
ventilator setting and low fraction of inspired oxygen con-
tent (FiO2). The bronchial anastomosis can be checked with
fiberoptic bronchoscopy. The lymphatics are not anastomosed.
Between the capillary leak from reperfusion and the impaired
lymphatic drainage, transplanted lungs are very vulnerable to
pulmonary edema. For this reason, intraoperative fluids are
limited, and diuretics may be given in the operating room.

Double-lung transplant
For DLT, the patient is positioned supine, often with the arms
suspended from an ether screen or similar device to allow ade-
quate access for a clamshell incision. Dissection is performed
using alternating OLV. If the procedure is done without CPB,
one lung is excised and the first donor lung implanted. Then
the procedure is repeated on the other side, while the patient is
ventilated using the newly implanted lung.

To date, the use of CPB remains inconsistent among trans-
plant centers. Some centers attempt to do most DLTs without
CPB and use CPB only if necessary. The usual indications for
CPB are high PA pressures, RV dysfunction, severely dilated

PAs in primary pulmonary hypertension, severe hypoxia with
OLV, and severe hypercarbia and acidosis during OLV. Other
centers always use CPB for DLT.

Proponents ofCPB cite better vascular control, better hemo-
dynamic stability, better gas exchange, less strain on the right
ventricle, easier dissection, and less stress on the first implanted
lung. Potential disadvantages are heparin exposure (heparin-
induced thrombocytopenia), the potential for greater blood
loss, the need for more transfusion, and the inflammatory
response to the CPB circuit.

If CPB is used, cannulation may occur through the chest, or
the femoral vessels may be used. Unlike during heart surgery,
the patient is not cooled and the heart continues to beat. Dys-
rhythmiasmust be treated as they occur. Antifibrinolytic agents
may be useful to minimize blood loss. The need for slow reper-
fusion, lung-sparing ventilation, and limited fluid administra-
tion are similar to that of SLT.

Treating pulmonary hypertension and RV dysfunction
The basic principles of pulmonary hypertension and RV dys-
function treatment are to avoid hypoxia, hypercarbia, acidosis,
light anesthesia, and hypothermia, as all may cause pulmonary
vasoconstriction and right heart strain. Systemic pulmonary
vasodilator therapy with nitroglycerin, alprostadil, or sodium
nitroprusside may be attempted. The major disadvantage is
systemic hypotension and, potentially, reversal of hypoxic pul-
monary vasoconstriction, resulting in hypoxia. Inotrope ther-
apy to improveRV function and cardiac outputmay be achieved
with dobutamine, milrinone, or epinephrine. Inhaled prosta-
cyclin PGI2 (iloprost) has been used with success to reduce
pulmonary pressures and avoid CPB in select cases. Inhaled
NO reduces pulmonary vascular resistance, thereby unloading
the right heart. Because NO is rapidly bound to hemoglobin
and inactivated, it has no systemic vasodilatory effect. NO also
has some attractive anti-inflammatory properties: It interferes
with neutrophil adherence to endothelium, inhibits platelet
aggregation, and inhibits expression of several inflammatory
mediators.

Transesophageal echocardiography in lung transplantation
TEE is used routinely at several transplant centers. It allows
assessment of cardiac anatomy and function. Factors commonly
assessed include right and left ventricular function, volume sta-
tus, the interatrial septum for atrial septal defect or patent fora-
men ovale, pulmonary venous flow, and pulmonary arterial
flow. RV dysfunction at the time of PA test clamping may direct
the decision to proceed with CPB. TEE can be used to assist in
cannulae placement and to confirm that the PA line is in the
RV outflow tract or main PA and thus will not end up in the
staple line during explant. TEE, of course, provides an excellent
assessment of volume status and biventricular function. Finally,
pulsedDoppler can be used to assess flow across the pulmonary
venous anastomosis. Pulmonary venous obstruction is a rare
but potentially fatal cause of postoperative graft failure.
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Figure 89.2. Transplant-related lung injury. (Adapted from McRae KM. Pulmonary transplantation. Curr Opin Anaesthesiol 2000; 13:53–59.)

Primary graft dysfunction
Primary graft dysfunction (PGD) is a serious complication
that causes significant morbidity and mortality. Lung injury
caused by ischemia and reperfusion leads to alveolar dam-
age, pulmonary edema, and hypoxemia. Numerous factors,
both alloantigen dependent and independent, contribute to the
development of PGD (Fig. 89.2). Prevention is the key, but if
PGDdoes occur, treatment is supportive usingmechanical ven-
tilation, diuresis, and inhaled NO. If all other measures fail,
extracorporealmembrane oxygenation (ECMO)maybe lifesav-
ing. Initial ECMO results have improved with advancements in
surgical technique, timely institution, and the improvement in
membrane oxygenators.
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Chapter

90 Bronchoscopy andmediastinoscopy
Sharon L. Wetherall and Philip M. Hartigan

Introduction
Bronchoscopy and mediastinoscopy are surgical procedures
commonly performed together under general anesthesia for
diagnosis and staging of lung cancer. Bronchoscopy has other
applications in and outside the operating room (Table 90.1).The
anesthetic management should be tailored to the specific situa-
tion. Anesthesia for retrieval of aspirated foreign bodies is con-
sidered as an example.

Bronchoscopy involves the use of a lighted instrument to
examine the tracheobronchial tree. Flexible fiber-optic bron-
choscopes use fiber-optics to deliver the image to the prox-
imal lens of a long, flexible scope. Video-bronchoscopes
have a camera at the distal tip of the scope to capture
the image, which is delivered by wires to a processor for
video display on a monitor. Both use fiber-optics to deliver
light to the distal end of the bronchoscope. Most models
also have a working channel through which instruments or
wires can be passed or suction applied. Rigid bronchoscopy
involves the passage of a long, straight, rigid, tubular device
through the mouth and glottis into the trachea or a main-
stem bronchus (Fig. 90.1). The diameters vary but generally
are larger than flexible bronchoscopes, allowing the pas-
sage of larger instruments. Indications for rigid bronchoscopy
overlap considerably with those for flexible bronchoscopy
(Table 90.2).

Anesthesia for flexible bronchoscopy
Theanesthetic requirements for bronchoscopy per se are limited
to blunting or ablating the airway reflexes as well as the pow-
erfully noxious affective response to airway instrumentation.
Thismay be accomplished through general anesthesia or topical
anesthesia with sedation.When coupled with mediastinoscopy,
general anesthesia with endotracheal intubation is most conve-
nient. Large endotracheal tubes (ETT; �7.5 mm outer diame-
ter) are required to accept adult flexible bronchoscopes without
precluding adequate ventilation. Frequent suctioning via the
bronchoscope complicates delivery of tidal volumes and anes-
thetic gases, thus the measurement of return volume and end-
tidal CO2 will be inaccurate. When suctioning is not used, the
potential for air trapping due to the reduced functional cross-
sectional area of the ETT is a hazard to be aware of. Because

Table 90.1. Indications for flexible bronchoscopya

Staging of lung cancer
Evaluation of tracheobronchial:
Stenoses
Intrinsic obstructions
Extrinsic obstructions
Hemoptysis

Persistent, unexplained cough
Persistent, localized wheeze
Bronchoalveolar lavage, brushings, biopsies
Deployment, evaluation, or adjustment of stents
Guide to transbronchial biopsy
Retrieval of foreign bodies
Airway balloon dilatation
Delivery of laser therapy or photodynamic therapy
Placement of brachytherapy cannula
Evaluation of suspected aspiration or burn/chemical injury to airway
Evaluation and potential treatment (e.g., adhesives) of bronchopleural

fistulae
Evaluation of tracheoesophageal fistulae
Evaluation for rejection of lung transplant recipients
Delivery of agents or devices for bronchoscopic lung volume reduction

surgery
Anesthetic applications:

Guide to difficult intubation
Confirmation of endotracheal tube position (single- or double-lumen)
Positioning of bronchial blocker or blocker system

a Partial list; does not include supraglottic indications.

bronchoscopy is often brief and can be easily interrupted if
such problems occur, there is typically limited risk to the pro-
cedure. If the bronchoscopy becomes prolonged, use of intra-
venous anesthetic agents (total intravenous anesthesia [TIVA])
obviates the difficulties of volatile agent delivery.

Issues imposed by the target lesion itself (e.g., mass effect,
airway compression, obstruction) or by the patient’s coexist-
ing diseases (e.g., severe chronic obstructive pulmonary disease,
cardiac disease, pulmonary hypertension) may more pro-
foundly affect anesthetic management decisions. In particular,

Table 90.2. Indications for rigid bronchoscopy

Mechanical core-out of obstructive lesions of the airway
Retrieval of foreign bodies in the airway
Delivery of laser therapy
Deployment, adjustment, removal of airway stents
Evaluation and treatment of hemoptysis
Rescue ventilation of patients with tracheal collapse
Any other surgical indication listed in Table 90.1 in which the flexible

bronchoscopic approach was inadequate
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Figure 90.1. Rigid bronchoscope.

induction may convert a subcritical extrinsic tracheal obstruc-
tion into a life-threatening one, as the reduction of lung volumes
from general anesthesia and the supine position reduce the cal-
iber of airways (see Chapter 91).

Flexible bronchoscopy may be smoothly performed in an
awake patient if topical local anesthesia is thorough. The con-
duit for the bronchoscope may be an oral bite block, an ETT, a
laryngeal mask airway (Fig. 90.2), another supraglottic device,
or the nasotracheal route. All these techniques allow visual-
ization of the entire trachea. Attention to the recommended
maximum tolerable doses of local anesthetics is imperative
because of rapid absorption frommucousmembranes. It should
be assumed that the topically anesthetized airway is unpro-
tected from aspiration for some period following application.
Sedation, as always, should be tailored to the reserves, the
requirements, and the response of the individual patient.
Dexmedetomidine has been used with advantage for bron-
choscopy in which preservation of respiratory drive is a pre-
mium. An antisialagogue such as glycopyrrolate aids in control
of secretions, and preemptive bronchodilator treatments may
be of benefit in the patient prone to bronchospasm.

Anesthesia for rigid bronchoscopy
Rigid bronchoscopy is far more stimulating than flexible bron-
choscopy, and almost always requires general anesthesia. Posi-
tioning with a roll under the patient’s back and full neck exten-
sion is necessary. Any instability of the cervical spine or any
carotid arterial pathology that precludes neck extension is a
contraindication. Dental guards should be used to protect the
upper teeth. Full muscle relaxation considerably aids inser-
tion of the rigid bronchoscope. As discussed previously, lesion-
related or coexisting disease-related issues often dictate specific
anesthetic considerations over and above those for rigid bron-
choscopy itself. Trauma-related edema of the airway or vocal
cords from the rigid scope may be ameliorated by steroids.
During insertion of the bronchoscope, ventilation is temporar-
ily interrupted, so hyperventilation and thorough denitrogena-
tion prior to insertion are advised. Complications of rigid
bronchoscopy include injury to the neck, teeth, cords, tra-
chea, and bronchus. Pneumomediastinum/pneumothorax or

hemorrhage is possible if biopsy or endobronchial core-out
is performed. Loss of airway is the principal risk if there is
significant obstruction. Myocardial ischemia and arrhythmias
may result from catecholamine surges from the tracheal stim-
ulation. Ischemia is potentially exacerbated by hypoxemia and
hypercarbia. Postoperative upper airway obstructionmay result
from trauma-related edema. If a laser is used, fire hazard issues
need to be considered (see Chapter 115 on laser surgery). If
stents are being deployed or adjusted, there is a risk of total air-
way obstruction from a folded or malpositioned stent. Aspira-
tion is also a risk.

Ventilation options during rigid bronchoscopy include (1)
spontaneous ventilation, (2) positive pressure ventilation via
the side port of a ventilating rigid bronchoscope, (3) jet ven-
tilation or its variants (e.g., high-frequency jet ventilation,
oscillatory ventilation), and (4) apneic oxygenation. Sponta-
neous ventilation may be preferred when variable obstructive
lesions threaten loss of airway patency. Anesthetic depth must
be sufficient to blunt the sensitive airway reflexes, and may
be achieved by inhalational or intravenous agents and/or sup-
plemental topical anesthetics. Most commonly, the anesthetic
circuit is attached to the side port of a ventilating rigid bron-
choscope. Delivery of oxygen and volatile agents and removal

Figure 90.2. View of the glottis through a laryngeal mask airway.
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of CO2 may be disrupted by surgical manipulations and dis-
tal airway obstructions, as well as by the intermittent open-
ing of the proximal port by the surgeon. Not infrequently, once
the scope is in place to ensure a patent airway, conversion to
paralysis and positive pressure ventilation is performed. When
side port positive pressure ventilation is employed, the proxi-
mal viewing port must be occluded, and moist gauze packing
to the posterior pharynx is necessary tominimize the air leak at
the glottis. Positive pressure breaths must be timed to coincide
with the times the proximal viewing port is closed. With pro-
longed interruptions in ventilation, the anesthesiologist must
estimate the increase in PaCO2 (approximately 6 mm Hg/min
during first minute, followed by 3 mm Hg/min thereafter) and
communicate with the surgeon when resumption of ventilation
is deemed necessary. Use of TIVA avoids interruptions in anes-
thetic delivery and prevents pollution of the operating room
with volatile agent.

Jet ventilation may be performed via an injection needle
mounted at the proximal end of a rigid bronchoscope. Oxygen
from a high-pressure source exiting the needle entrains room
air by the Venturi principle. The resulting fraction of inspired
oxygen (FiO2) and tidal volume is unknown, and exhalation
is passive. There is risk of barotrauma as well as unrecognized
hypoventilation. Monitoring of ventilation relies on observa-
tion of chest rise, arterial blood gas sampling, or transcuta-
neous CO2 monitoring. Jet ventilation, in experienced hands, is
a viable technique that allows the surgeon uninterrupted access
to the working port of the rigid bronchoscope.

Anesthesia for retrieval of foreign
bodies in the airway
Management of the patient with a foreign body in the air-
way requires a flexible approach that is well coordinated with
the surgical team. Relevant data are often initially unknown,
including the size and shape of the object, the location and
extent of obstruction, the duration and degree of reactive
mucosal edema, the stability of the object, and whether it
impales the mucosa. Children under age 3 are the most com-
mon patients presenting with foreign body aspiration (FBA).
Therefore, history frequently is limited to parental observation
of sudden onset of coughing and dyspnea, or possibly stridor
or wheezing. The stable patient should receive a chest radio-
graph and/or CT scan. Flow–volume loops can define whether
the obstruction is intrathoracic (truncated expiratory limb) or
extrathoracic (truncated inspiratory limb), but are used rarely
because patients are often in respiratory distress and symptoma-
tology often provides the same information. Inspiratory stridor
indicates extrathoracic obstruction, whereas expiratory wheez-
ing indicates intrathoracic obstruction. Occasionally, a cooper-
ative, mature patient can be examined under local anesthesia
with fiber-optic bronchoscopy. In all cases, general anesthesia,
airway management, and rigid bronchoscopy should be imme-
diately available. Coughing ormanipulation of the foreign body
may convert a partial obstruction to a life-threatening one.

The most common surgical approach to the patient with
intrathoracic FBA is a combination of flexible and rigid bron-
choscopy. Unlike most other forms of airway obstruction, for-
eign bodies are at risk of moving to a position that is more
obstructive or more difficult to extract. A variety of retrieval
tools are available, including baskets, snares, and balloon-
tipped catheters that can be passed distal to the foreign body,
inflated, and pulled back, as in balloon embolectomy. Aspi-
rated organic matter (e.g., peanuts) may incite reactive mucosal
edema that makes extraction more difficult. Friable foreign
bodies may break apart with extraction attempts. Rigid bron-
choscopy offers greater latitude and is the method of choice
for difficult cases. If the object causes life-threatening tracheal
occlusion, a solution of last resort is to push the foreign body
into a mainstem bronchus and ventilate the contralateral lung.
Rarely, it is necessary to surgically open the trachea or bronchus
to remove the foreign body.

Anesthetic options range from sedation with local anes-
thesia for flexible bronchoscopy, to spontaneously breathing
inhalation-based general anesthesia, to paralysis with positive
pressure ventilation. Pediatric anesthesiologists are often most
comfortable and skilled with inhalational inductions. Whether
this provides protection against obstruction compared with
general anesthesia with positive pressure ventilation is debated.
When rigid bronchoscopy is performed, spontaneously breath-
ing volatile agent–based anestheticsmay be challenging because
of air leak at the glottis and interruptions in gas delivery. Con-
version to paralysis and positive pressure ventilation due to
desaturation, inadequate depth of anesthesia, or coughing and
bucking is frequently required. TIVA is favored by some as a
more convenient means of maintaining anesthetic depth dur-
ing rigid bronchoscopy.

Mediastinoscopy
Mediastinoscopy is a surgical procedure to examine the area
between the lungs (mediastinum) using either a rigid or flexible
lighted instrument. It is principally used for diagnosis or clini-
cal staging of lung cancer. In some cases, mediastinoscopy has
been replaced by other biopsymethods that use CT, ultrasound,
or bronchoscopy to guide a biopsy needle to the abnormal tis-
sue. Mediastinoscopy may still be needed when these methods
cannot be used or when they do not provide conclusive results.

For cervicalmediastinoscopy, themediastinoscope is passed
through an incision just above the manubrium, and advanced
along a plane created by blunt dissection between the trachea
and the pretracheal fascia (Fig. 90.3).

Anterior mediastinoscopy provides access to lymph nodes
of stations 5 and 6 (anterior mediastinal and aortopulmonary
window nodes), which typically are not accessible by cervi-
cal mediastinoscopy. Blunt dissection to the aortopulmonary
window is performed through a 2-cm incision between the
second and third ribs. Alternatively, level 5 and 6 nodes can
be accessed through the cervical mediastinoscopy incision
by creating a more superficial substernal plane beneath the
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Figure 90.3. Cervical mediastinoscopy; insertion of
a cervical mediastinoscope.

innominate and left carotid arteries, deep to the innomi-
nate vein and anterior to the great vessels (“extended medi-
astinoscopy”).

Anatomy of the mediastinum
Themediastinum is the region between the two pleural cavities
extending from the thoracic inlet to the diaphragm.This region
is further described in Chapter 91.

Anesthesia for mediastinoscopy
Mediastinoscopy patients tend to fall into two groups: those
with mediastinal masses (often for biopsy for diagnosis) and
those with lymphadenopathy (for cancer staging or diagnosis).
Patients with significantmassesmust be evaluated for compres-
sion of the airway, heart, or superior vena cava (see Chapter 91).
Mediastinoscopy generally requires general endotracheal anes-
thesia with muscle relaxation. Subsequent anesthetic consider-
ations are largely intuitive, and are driven by awareness of the
potential complications (Table 90.3).

Hemorrhage is the most frequent serious complication.
Sources of significant hemorrhage include the azygous vein, the
pulmonary artery, and (rarely) the aorta or its major branches.
The thin-walled pulmonary artery and azygous vein are vulner-
able to avulsion injury as adherent lymph nodes are plucked
off their surfaces. The proximity of major vessels emphasizes
the importance of a motionless surgical field during biopsy.The
response to hemorrhage depends on themagnitude, and ranges
from packing and observation to emergent sternotomy or tho-
racotomy and cardiopulmonary bypass.

Cervical mediastinoscopy often results in compression of
the innominate artery with potential compromise of right
carotid blood flow. Patients at increased risk are those with
coexisting carotid or cerebrovascular disease. A history of cere-
brovascular accidents or known left carotid stenosis may war-
rant electroencephalographic monitoring. Placement of a pulse
detector in the right arm (arterial line or pulse oximeter) is
widely advocated as an identifier of innominate artery compres-
sion, but the actual efficacy of this maneuver is undocumented.
Stroke following mediastinoscopy is extremely rare, possibly
owing to the generally transient nature of innominate artery
compression.

Table 90.3. Complications of mediastinoscopy

Major complications
Major hemorrhage
Tracheobronchial laceration
Esophageal perforation
Recurrent laryngeal nerve paralysis
Phrenic nerve paralysis
Thoracic duct injury
Cerebrovascular accident
Air embolus

Minor complications
Pneumothorax
Recurrent nerve paresis
Minor bleeding
Autonomic reflex bradycardia

Reproduced with permission from Lohser J, Donington J, Mitchell J,
et al. Anesthetic management of major hemorrhage during medi-
astinoscopy. J Cardiothorac Vasc Anesth 2005; 19(5):678–683..
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Figure 90.4. Endobronchial ultrasound.

Endobronchial ultrasound-guided
transbronchial biopsy
Recent developments have improved the diagnostic resolu-
tion of ultrasound while decreasing the diameter of the probe,
allowing for a bronchoscope-mounted ultrasound probe. Endo-
bronchial ultrasound (Fig. 90.4) to guide transbronchial biopsy
is the most recent development in evaluating mediastinal

structures. Anesthetic considerations are similar to those for
bronchoscopy, except for two points:
1. There is potential for significant hemoptysis
2. There is potential for tracheal obstruction when the

balloon tip is inflated with saline to improve resolution
(may require intermittent apnea)
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Chapter

91 Management of mediastinal mass
Ju-Mei Ng

Introduction
The anesthetic considerations for patients with an anterior
mediastinal mass vary according to the individual anatomy,
pathology, and proposed surgical procedure. Fatal occlusion
of the airway and cardiovascular collapse are well-recognized
complications. The usefulness of clinical signs and symptoms,
radiologic evaluation, and pulmonary function tests to deter-
mine perioperative risk are discussed, including some general
principles of safe anesthesia for these patients.

Anatomy
The mediastinum extends from the thoracic inlet to the
diaphragm and is bounded by the sternum anteriorly, the verte-
bral column posteriorly, and the parietal pleura laterally. It can
be divided into four compartments: superior, anterior, middle,
and posterior mediastinum, although the anterosuperior medi-
astinum may be considered a continuous space (Fig. 91.1).

Pathology
In adults, primary mediastinal masses are generally located in
the anterosuperior mediastinum, with a predominance of lym-
phoma, thymoma, and germ cell tumors. In young children,
posterior mediastinal masses of neurogenic origin are most
common, whereas in adolescents, lymphomas arising from the
anterior mediastinum predominate.

Symptoms and signs
Signs and symptoms are related to mass effect on, or invasion
of, surrounding structures (Table 91.1). Most adult mediastinal
tumors are asymptomatic or associated with vague complaints
such as chest pain, dyspnea, and cough. In contrast, mediastinal
masses are symptomatic in 70% of children.

Anesthetic concerns
The three main anesthetic concerns are tracheobronchial tree
obstruction; compression of the pulmonary artery and heart,
especially the right ventricular outflow tract (RVOT); and supe-
rior vena cava (SVC) syndrome. The most common com-
plication during anesthesia for masses involving the vital
mediastinal structures is airway obstruction. Each of these

complications is life-threatening and may cause acute deterio-
ration and death during anesthesia if not handled with caution
and expertise.

Tracheobronchial tree obstruction
Thedegree of airway obstruction depends on the location of the
mass and extent of compression (Fig. 91.2).

Compression of the pulmonary artery
and heart
RVOT obstruction and circulatory collapse may be triggered
by altered positioning, induction of anesthesia, institution of
positive pressure ventilation, hypovolemia, and reduced cardiac
contractility (Fig. 91.3).

Positive pressure ventilation may cause dynamic hyper-
inflation because of expiratory gas flow obstruction. With

Figure 91.1. Compartments of the mediastinum.
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Table 91.1. Signs and symptoms of structural compression by a
mediastinal mass

Compression or
infiltration of adjacent
structures Symptoms Signs

Tracheobronchial tree Cough
Stridor
Dyspnea
Recurrent pulmonary

infections
Hemoptysis

Wheeze

Esophagus Dysphagia

RVOT Dyspnea
Syncope

Recurrent laryngeal nerve Hoarseness Vocal cord paralysis

Sympathetic chain Horner’s syndrome

Phrenic nerve Elevated
hemidiaphragm

SVC Dyspnea
Cough
Syncope
Orthopnea
Stridor
Headache
Decreased mentation

Venous
engorgement

Upper body edema
Plethora
Cyanosis

Airway
occlusion

•

•

•

•

•

•

•

•

•

•

•

•

Figure 91.2. Effects of anesthesia on tracheobronchial tree obstruction.

Hypoxemia
and

hypotension

Compression of the PA and Heart

Compression of the RVOT/PA

Increased tumor
blood volume and size

Reduced pulmonary blood flow:
Supine
Positive pressure ventilation
Auto-PEEP

Death

Figure 91.3. Effects of anesthesia on compression of the pulmonary artery
and RVOT.

sufficient elevation of intrathoracic pressure, the gradient for
venous return is reduced, as are right ventricular pressures,
worsening the extent of vascular obstruction.

SVC syndrome
The combination of decreased venous return from the upper
part of the body coupled with pharmacologic vasodilatation
may result in severe hypotension. Coughing, straining, and
supine or Trendelenburg positioning all exacerbate SVC syn-
drome (Table 91.2).

Preoperative evaluation
The main aims for the anesthesiologist are to delineate the
extent of encroachment on other structures and to quantify
any functional cardiopulmonary compromise caused by such
encroachment. The anesthetic plan is then formulated by tak-
ing into account clinical signs and symptoms, radiologic evalu-
ation, and pulmonary function tests (Fig. 91.4).

Table 91.2. Perioperative problems arising from SVC syndrome

Perioperative concerns

Airway Edema
Airway congestion and hemorrhage

Venous access Lower extremity
Potential for massive hemorrhage
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Anterior mediastinal mass on CXR

Dyspnea +/−
positional intolerance

LOCAL ANESTHESIA
for biopsy

GENERAL ANESTHESIA
Awake FOB

Standby CPB

LOCAL ANESTHESIA
(if practical) or

general anesthesia

Radiosensitive or
chemosensitive

tumor

Semi-Fowler’s position
Spontaneous ventilation
Avoid muscle relaxant
Ability to change position to
lateral or prone
Standby rigid bronchoscope

Flow volume loop

Echocardiography

CT scan/MRI

Yes No

Yes No

THERAPY

+

+

+

Preoperative Evaluation Figure 91.4. Preoperative evaluation of a patient
with an anterior mediastinal mass.

Radiologic evaluation
A chest CT scan is indicated in all patients and helps identify
the location of the mass, delineate margins, define the mass’s
relationship to adjacent structures, and determine the extent of
tracheal or vascular compression. The tracheal cross-sectional
area also can be estimated. MRI shows more extensive disease

than does CT in 25% of patients, and accurately assesses tumor
involvement of cardiac structures.

An increase in the ratio of the transverse diameter of a
mediastinal mass to that of the chest has been associated with
increased respiratory complications. However, this measure-
ment may be imprecise, and the relation of the mass to the tra-
cheobronchial tree likely ismore important.The cross-sectional
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area of the trachea has been related to the extent of perioperative
respiratory complications. There was total airway obstruction
in five of eight children under general anesthesia with tracheal
area � 50% predicted, but general anesthesia was well tolerated
in children with tracheal area � 50% predicted. Postoperative
respiratory complications were related to tracheal compression
of more than 50% on the preoperative CT scan.

Pulmonary function testing and postural
flow–volume loops
Traditionally, part of the preoperative assessment of patients
with an anterior mediastinal mass has been to perform postu-
ral spirometry. This approach stemmed from the finding that
an increased midexpiratory plateau when changing from the
upright to the supine position is pathognomonic for a variable
intrathoracic airway obstruction and an indicator of patients
who are at risk for airway collapse during induction of anes-
thesia (Fig. 91.5).

Pulmonary function testing gives information about func-
tional impairment but does not accurately predict airway mor-
bidity and does not describe anatomic abnormality. Moreover,
studies of flow–volume loops have shown poor correlation with
the degree of airway obstruction andmay not be any better than
symptoms and a CT scan at predicting perioperative compli-
cations. In clinical practice, postural spirometry probably does
not offer any additive benefit in predicting perioperative com-
plications in a minimally symptomatic population beyond that
which is obtained from chest imaging.
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Figure 91.5. Effects of fixed and variable obstructions on flow-volume loops.

Peak expiratory flow rate
The risk of perioperative complications was increased more
than 10-fold when the peak expiratory flow rate (PEFR) was
40% or less of predicted. A combination of obstructive and
restrictive patterns (mixed pulmonary syndrome) was associ-
atedwith a high rate of postoperative respiratory complications.
In a prospective evaluation of 31 children before 34 procedures,
Shamberger et al. found that all patients did well under gen-
eral anesthesia if their tracheal cross-sectional area and PEFR
were � 50%.

Echocardiography
Patients with cardiovascular symptoms, or those unable to give
an adequate history, should also undergo transthoracic echocar-
diography to assess for cardiac, systemic, or pulmonary vascular
compression. Echocardiography reliably identifies pericardial
thickening and masses adjacent to the pericardium, and can
evaluate myocardial dysfunction due to tumor compression or
infiltration.

Anesthetic management
Acute management
When a patient presents with acute symptoms, it is important
to maintain the sitting posture (or most comfortable position)
and provide humidified oxygen. If available, heliox (20%oxygen
+ 80% helium) may be helpful because it can decrease the den-
sity of the inspiratory gas and reduce airway resistance. Steroids
have been used successfully to decrease tumor size without
affecting the accuracy of histologic diagnosis post administra-
tion. The possibility of preoperative chemo- or radiotherapy
may be considered. Figure 91.6 shows anesthetic management
of anterior mediastinal masses.

Diagnostic procedures
Tissue biopsy is likely the first procedure for most patients, and
tissue may be obtained from biopsy of peripheral or metastatic
lesions.This avoids an intrathoracic procedure and the need for
a general anesthetic. Awake CT-guided needle biopsy (under
local anesthesia and sedation as required) and awake anterior
mediastinoscopy with local anesthesia in adults are performed
relatively frequently.

Induction and intubation
Although there is a need to individualize management on a
case-by-case basis, there are some general principles. Depend-
ing on the level, extent, and severity of obstruction, awake
fiberoptic video-bronchoscopy may be used. This approach
allows both the anesthesia and surgical teams to view the
lesion and assess the airway dynamics, degree of airway com-
pression, and effect of changes in posture. An appropri-
ately sized endotracheal tube can then be passed beyond the
lesion. A routine intravenous induction and intubation may be
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Management of Mediastinal Masses

Airway Obstruction
• Awake fiber-optic intubation
• Spontaneous ventilation
• Position change if obstruction
   increases
• Intubate distal to mass
   with armored tube
• Endobronchial intubation
• Rigid bronchoscopy
• Cardiopulmonary bypass

Loss of Cardiac Output
• Rotate patient (mass into 
  dependent position)
• Maintain preload
• Avoid vasodilators
• Avoid negative inotropes
• Cardiopulmonary bypass

SVC Obstruction
• IVC distribution access
• Keep head of bed elevated
• Steroids
• Diuretics (if tolerated)
• Be prepared for significant
  blood loss

Specific Interventions

• Identify the high-risk patient
• XRT for high-risk patients with radiosensitive tumors
• Chemotherapy for high-risk patient
• Assess for ability to perform procedure under local anesthesia

Preoperative Interventions

Anesthetic Goals

• Avoid complete airway obstruction
• Avoid loss of cardiac output from increased compression
  of the heart and great vessels
• Avoid complications in cases with SVC obstruction
• Avoid general anesthesia for high-risk patients when feasible

Figure 91.6. Anesthetic management of an
anterior mediastinal mass.

performed in patients with no symptomatic, radiologic, or
bronchoscopic evidence of airway obstruction. In the pedi-
atric population, an inhalational induction is frequently used.
In adults, stage II events may be common during inhalational
induction, and it may be difficult to abort midcourse. Other
techniques that have been described include the laryngeal mask
airway, rigid bronchoscopy, and use of a distal jet ventilation
catheter.

Ventilation
It is important to remember that positive pressure ventilation–
induced dynamic hyperinflation may worsen obstruction.

Low-frequency or high-frequency jet ventilation has been used
successfully. The strategy also depends on the site of compres-
sion and whether an appropriately sized single- or double-
lumen endotracheal tube or single-lumen endobronchial tube
can successfully stent open the airway. Laryngoscopy and rigid
bronchoscopy have been used successfully to relieve obstruc-
tion. In the postoperative period, corticosteroids, racemic
epinephrine, or heliox may be useful.

A stepwise induction of anesthesia is important; it allows the
patient to be awakened quickly if airway or vascular compres-
sion develops. Repositioning of the patient may be helpful in
relieving airway compression.
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SVC syndrome
There are no data to support any particular induction and intu-
bation technique. The use of an antisialagogue, a bronchodila-
tor, or racemic epinephrine and maintenance of the sitting
position appear to be helpful.

Perils of biopsy under local anesthesia
Anxiety, pain, or high sympathetic tone may increase ventila-
tory demand and worsen airflow dynamics by inducing turbu-
lent flow across the obstruction. A variety of techniques have
been used. Ketamine has been shown to preserve chest wall tone
and functional residual capacity.
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92 Principles of neurophysiology
Dennis J. McNicholl and Lee A. Kearse Jr.

Autonomic nervous system: anatomy
and receptor pharmacology
The autonomic nervous system (ANS) controls the visceral,
involuntary, “auto-pilot” functions of the body – functions that
are not under conscious control. Understanding the effects of
drugs used in the practice of anesthesia is built on a foundation
of the anatomy and physiology of the ANS. Broadly, the ANS
is subdivided into the central ANS (hypothalamus, medulla
oblongata, and pons) and the peripheral ANS. The peripheral
ANS is then further subdivided into the sympathetic nervous
system (SNS) and the parasympathetic nervous system (PNS)
(see Figs. 92.1 and 92.2).

Sympathetic nervous system (“thoracolumbar”
division of the peripheral ANS)
The SNS is a “high-gain” system in the sense that activation
of a presynaptic nerve fiber results in mass activation of post-
ganglionic nerve fibers. The ratio of preganglionic to postgan-
glionic fibers in the SNS is approximately 1:200. Sympathetic
fibers are distributed throughout the body. Cell bodies in this
division of the peripheral ANS originate in the intermediolat-
eral columns of the thoracolumbar spinal cord and travel via
spinal nerves T1–L2. Autonomic reflexes function similarly to
somatic reflexes with the exception that the efferent limb is
unipolar in the somatic arc and bipolar in the autonomic arc
(see Fig. 92.3).

Anatomically, synapses in the SNS occur in the paraverte-
bral ganglia (a.k.a. the sympathetic chain or sympathetic trunk
ganglia, of which there are 22 pairs) and the prevertebral ganglia
(3 unpaired: celiac, superior mesenteric, and inferior mesen-
teric ganglia). The paravertebral ganglia are connected to the
spinal nerves by white rami communicans (myelinated pregan-
glionic fibers which carry signals from the lateral horn cells
of the spinal cord into the paravertebral ganglion) and gray
rami communicans (unmyelinated postganglionic fibers which
continue the signal from the paravertebral ganglion out to the
spinal nerves). The paravertebral ganglia are also connected to
each other by nerve trunks to form longitudinal chains; this
connection allows for nerve fibers to travel up or down several
ganglia before synapsing. Preganglionic fibers are short, and

postganglionic fibers are long. One exception is for the adrenal
medulla, which has no postganglionic fibers – preganglionic
fibers enter the adrenalmedulla and synapse on cells that secrete
neurotransmitters directly into the bloodstream.

Functionally, all preganglionic fibers in the SNS are cholin-
ergic (i.e., release acetylcholine). Postganglionic fibers in the
SNS are adrenergic (i.e., release epinephrine or norepinephrine)
or dopaminergic (i.e., release dopamine). Effects of activation of
adrenergic receptors are shown in Table 92.1.

Parasympathetic nervous system (“craniosacral”
division of the peripheral ANS)
In contrast to the SNS, the PNS is a “low-gain” system; its activa-
tion results in a discrete and limited effect. The ratio of pregan-
glionic to postganglionic fibers in the PNS is approximately 1:2.
Preganglionic nerves in the PNS are long, and postganglionic
nerves are short and are usually located on or in their intended
effector organs. Cell bodies in the PNSoriginate in themidbrain
(cranial nerve [CN] III), medulla oblongata (CN VII, IX, and
X), and sacral spinal cord (S2–S4). CN X accounts for approxi-
mately 75% of parasympathetic activity. The pelvic nerves (S2–
S4) supply the distal colon, bladder, and genitalia.

As with the SNS, all preganglionic PNS nerves are cholin-
ergic. All postganglionic nerves of the PNS are also cholin-
ergic. Cholinergic receptors are classified according to their
response to nicotine or muscarine. Nicotine is the prototypi-
cal ganglionic stimulant, and nicotinic receptors can be further
subdivided into NN (subscript “N” denoting Neuronal-type)
receptors found in autonomic ganglia, adrenal medulla, and
central nervous system (CNS), and NM (subscript “M” denot-
ing Muscle-type) receptors located at the neuromuscular junc-
tion. Muscarine is a compound isolated from the mushroom
Amanita muscaria and was the first parasympathomimetic to
be studied.Themuscarinic receptors have been subdivided into
five receptor subtypes (M1–M5). Most notably, the M2 recep-
tor subtype, when activated, leads to a slowing of spontaneous
depolarization in the sinoatrial (SA) node and slower conduc-
tance through the atrioventricular (AV) node.

A comparison between the SNS and PNS is shown in
Table 92.2.
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Figure 92.1. The autonomic nervous system.

Autonomic control of the heart
Cardiac output can increase by more than 100% through sym-
pathetic stimulation of cardiac accelerator fibers (derived from
spinal nerves T1–T4); elevation in both the heart rate and
contractility contributes to this increase. By comparison, car-
diac output can be decreased to almost zero by parasympa-
thetic stimulation. This effect, however, is primarily mediated
via heart rate decrease; contractility is less affected by parasym-
pathetic stimulation.

Sympathetic innervation of the heart is diffuse and abun-
dant, resulting in a robust response when activated. Cardiac
output can increase two- to threefold with sympathetic stimu-
lation. Parasympathetic input to the heart, via the vagus nerve,

is more discrete (SA and AV nodes). Therefore, parasympa-
thetic/vagal input to the heart affects rate more than pumping
capacity – strong vagal stimulation can decrease heart rate to
almost zero but the strength of cardiac contraction by only 20%
to 30%.

Autonomic control of blood vessels
With the exception of capillaries, all vessels are innervated with
sympathetic fibers and can therefore vasoconstrict to cause an
increase in blood pressure.This effect is more prominent in the
venous system, which contains more blood volume (∼64%) at
any given time compared with the arterial system. There is no
clinically relevant parasympathetic control of blood vessels.
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Figure 92.2. The craniosacral (parasympathetic) and thoracolumbar (sympathetic) nervous systems. Parasympathetic preganglionic fibers pass directly to
innervate their organ. Postganglionic cell bodies are located near or within the innervated viscera. This limited distribution of parasympathetic postganglionic
fibers emphasizes the limited effect of parasympathetic function. In the sympathetic nervous system, the postganglionic neurons begin in either the paired sym-
pathetic ganglia (i.e., the paravertebral ganglia) or one of the unpaired collateral plexuses (i.e., the celiac, superior mesenteric, inferior mesenteric ganglia). One
preganglionic fiber influences many postganglionic neurons. Activation of the SNS therefore produces a more diffuse physiologic response.
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Table 92.1. Adrenergic receptors

Receptor Synaptic site Anatomic site Action

LV function
and stroke
volume

α1 Postsynaptic Peripheral vascular smooth muscle Constriction Decreased
Renal vascular smooth muscle Constriction
Coronary arteries, epicardial Constriction
Myocardium Positive inotropism 30%–40% of resting tone Improved
Renal tubules Antidiuresis

α2 Presynaptic Peripheral vascular smooth muscle release Inhibition of NE
Secondary vasodilation Improved

Coronaries ?
CNS Inhibition of CNS activity

Sedation
Decrease in MAC

Postsynaptic Coronaries, endocardial Constriction Decreased
Gastrointestinal system Inhibition of insulin release

Decrease in bowel motility
CNS Inhibition of antidiuretic hormone

Analgesia
Renal tubule Promotion of Na+ and H2O excretion

β1 Postsynaptic
(NE sensitive)

Myocardium Positive inotropism and chronotropism Improved
Sinoatrial (SA) node
Ventricular conduction
Kidney Renin release
Coronaries Relaxation

β2 Presynaptic
(NE sensitive)

Myocardium Acceleration of NE release Improved
SA node ventricular conduction vessels Opposite action to presynaptic α2 agonism

Constriction

Postsynaptic
(extrasynaptic)
(EPI sensitive)

Myocardium Positive inotropism and chronotropism
Vascular smooth muscle Relaxation Improved
Bronchial smooth muscle Relaxation Improved
Renal vessels Relaxation Improved

DA1 Postsynaptic Blood vessels (renal, mesentery, coronary) Vasodilation Improved
Renal tubules Natriuresis

Diuresis
Juxtaglomerular cells Renin release (modulates diuresis)
Sympathetic ganglia Minor inhibition

DA2 Presynaptic Postganglionic sympathetic nerves Inhibition of NE release Improved
Secondary vasodilation

Postsynaptic Renal and mesenteric vasculature ? Vasoconstriction

NE, norepinephrine; EPI, epinephrine

Control of circulation is affected by 1) sympathetic chain
ganglion (T1–L2), 22 pairs in total, and 2) peripheral nerve
fibers originating from T1 to L2 which then travel via the sym-
pathetic chain to the vasculature.

Cerebral physiology
Cerebral metabolic rate
The cerebral metabolic rate (CMR) of oxygen (CMRO2) is
defined as the amount of oxygen consumed by the brain in nor-
mal, conscious youngmen (rates are similar for young women).
Of all organs, the brain and the heart are at highest risk for
ischemia due to their high oxygen utilization and relatively low
physiologic reserve.With respect to the brain, this susceptibility
stems from its highmetabolic demand and its lack of significant

anaerobicmetabolism to support function in times of decreased
oxygen or glucose substrate. The window of time for develop-
ment of severe irreversible brain damage from hypoxemia is
approximately 3 to 8 minutes at normal body temperature. In
normal physiology, CMRO2 depends on the functional state
(ranging from seizure activity to the comatose or anesthetized
state) and body temperature. At normal body temperature, rest-
ing CMRO2 is 3.5 ml O2/100 g/min. Hypothermia decreases
CMRO2 significantly. At a body temperature of 18◦C to 20◦C,
complete burst suppression of the electroencephalogram (EEG)
can be seen. Conversely, hyperthermia increases CMRO2, how-
ever only up to a point (∼42◦C/103◦F). Beyond this range,
CMRO2 actually decreases, likely due to neuronal breakdown
and enzyme degradation.Therefore, at the extremes of temper-
ature, CMRO2 declines.
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Figure 92.3. Somatic and autonomic reflex arcs. Somatic arcs are unipolar,
in contrast to autonomic arcs, which are bipolar.

Cerebral blood flow
Due to the high metabolic demands of the brain (i.e., CMRO2),
cerebral blood flow (CBF) is disproportionately high (com-
pared to other organs on a gram-for-gram basis). Distribution
of that blood flow will change depending on which regions of
the brain are metabolically more active; CBF and metabolism
are coupled in normal physiology. Blood flow to the cortex
(mostly gray matter) is considerably higher than blood flow
to subcortical areas (mostly white matter). The mechanism
for this coupling is not completely understood; however, it
does allow for manipulation of the CBF by extrinsic influ-
ences such as carbon dioxide [CO2] and mean arterial pressure
[MAP] regulation (chemoregulation and mechanoregulation,
respectively).

CBF is autoregulated in normal patients withMAP between
60 and 150 mmHg. As a starting point, normal homeosta-
sis with a PaCO2 of 40 mm Hg corresponds to a CBF of

∼50 ml/100 g/min. With a PaCO2 increase from 40 to 80
mmHg, CBF would double to ∼100 ml/100 g/min. With a CO2
decrease from 40 to 20 mmHg, CBF would be halved (down to
∼25ml/100g/min). In situations in which CBF becomes altered
by elevated or depressed CO2 levels, CBF will return to normal
after approximately 6 to 8 hours, even if the PaCO2 remains
abnormal. In patients who are chronically hypertensive, the
CBF autoregulation curve is shifted to the right, and mainte-
nance of higher MAPs is required to avoid relative hypoten-
sion and cerebral hypoperfusion. Other circumstances can also
disrupt CBF autoregulation: trauma, hypoxia, ischemia, and
iatrogenic influences (e.g., anesthetic agents, systemic vasodila-
tors/vasopressors).

Changes inCO2 levels will affect CBF.Hypoventilation leads
to elevated levels of CO2, causing a lower pH, cerebral arteriolar
vasodilatation, and increased CBF. Under normal conditions,
CMRO2 and CBF are inextricably coupled. This arrangement
can be negated, however, under circumstances of physiologic
disruption. The most common example is that of ischemic
stroke. In this setting, early in the course of the stroke, autoreg-
ulation of cerebral perfusion is altered in the tissues marked
by the damaged ischemic core as well as the “penumbra,” the
area immediately contiguous with the core. The peri-infarct
zone, depending on its size and location, tends not to be uni-
formly injured, varying between areas demonstrating increases
in CMRO2 and those showing distinct reductions in CMRO2
and oxygen extraction fraction (OEF). Postischemic hyperper-
fusion is a common finding in human stroke imaging stud-
ies and animal stroke models, where damaged areas without
CMRO2 regulation receive excessive blood flow and volume
independent of the metabolic requirements of the area. This
luxury perfusion can cause further damage to the area, leading
to edema andhemorrhagic extravasation into core ischemic and
adjacent areas. Clinical management of CBF by CO2 manipula-
tions may become quite complicated when attempting to pro-
vide the optimal blood flow to injured brain in this disorder.
Hyperventilation, for example, may vasoconstrict the normal
blood vessels and shunt needed nutrients away from the dam-
aged areas that are still viable and have an increased CMRO2
requirement but where blood vessels supplying flow to that area
are already maximally dilated. This “inverse steal” or “Robin

Table 92.2. Comparison: sympathetic vs. parasympathetic nervous systems

Anatomic/physiologic parameter Sympathetic nervous system Parasympathetic nervous system

Alias Thoracolumbar (T1–L2) Craniosacral
Energy mode Energy expenditure Energy conservation/restoration
Amplification response High-gain system Low-gain system
Target effect density Diffuse, mass effects Discrete, limited effects
Preganglionic length Short Long
Postganglionic length Long Short
Preganglionic neurotransmitter ACh ACh
Postganglionic neurotransmitter ACh, EPI, NE, DA ACh

ACh, acetylcholine; EPI, epinephrine; NE, norepinephrine; DA, dopamine
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Figure 92.4. Cerebral blood flow is affected by cerebral perfusion pressure
(PP), arterial carbon dioxide partial pressure (PaCO2), and arterial oxygen
partial pressure (PaO2).

Hood effect” may cause further damage to an already injured
but salvageable location.

The effect of hyperventilation on CBF to minimize brain
edema and increased intracranial pressure (ICP) has its limits.
Cerebral ischemia can result from significant hyperventilation
(PaCO2 ∼20 mm Hg); therefore, the clinical benefit of hyper-
ventilation to less than 30 mmHg is lost.

Changes in PaO2 can also affect CBF, but only at the lower
end of the PaO2 scale. A PaO2 of less than ∼50 mm Hg actu-
ally causes a significant increase in CBF, but with one greater
than ∼60 mm Hg there is no appreciable change in CBF (see
Figure 92.4).

Hypothermia decreases neuronal metabolic demand and
thereby decreases CBF. Hyperthermia causes the opposite
effect.

Hematocrit in the normal range does not have a clinically
significant effect on CBF. Some increase in CBF can be seen at
lower hematocrit ranges (∼30%–34%) due to decreased blood
viscosity and decreased cerebrovascular resistance.This relative
hemodilution effect can be clinically beneficial in the setting of
focal cerebral ischemia, where maximal vasodilatation already
exists. By contrast, hemoconcentration is not a particular con-
cern unless at extreme levels (hematocrit ∼�55%), in which
case it becomes an issue for other organ beds as well.

Cerebral blood volume
Cerebral blood volume (CBV) in the normal brain is approxi-
mately 5 ml/100 g of brain tissue, which is approximately 70 ml
for a normal adult brain. Changes in CBV and CBF usually par-
allel each other, especially for ranges of CBF that are autoregu-
lated. At lowerMAPs there is an increase in CBV as the cerebral
vasculature dilates to maintain constant flow. Similarly, during
cerebral ischemia, CBV increases. At higherMAPs, in the range
beyond the upper limit of autoregulation, CBV and CBF both
increase.

Cerebral perfusion pressure
Normal cerebral perfusion pressure (CPP) is approximately 80
to 100 mmHg. A somewhat unusual physiologic formula exists
for CPP, because the formula itself can change depending on
the state of the variables that contribute to it.

For patients with intracranial hypertension, the expression
of CPP is:

CPP = MAP − ICP (Eqn. 1)

For patients without intracranial hypertension, the expression
for CPP is:

CPP = MAP − CVP (Eqn. 2)

For any case in which the cranium is open, the expression for
CPP is:

CPP = MAP (Eqn. 3)

Table 92.3 indicates this difference in how CPP is determined
depending on the clinical circumstances. In any case, the factor
that contributes most to CPP is MAP.

Table 92.3. Determination of cerebral perfusion pressure

MAP
(mmHg)

ICP
(mmHg)

CVP
(mmHg)

CPP
(mmHg)

Pt. #1 – normal 80 10 5 70
Pt. #2 – head injury 80 20 5 60
Pt. #3 – heart failure 80 10 20 60
Pt. #4 – open
cranium

80 0 5 80

For the supine patient, MAP should be measured at the cir-
cle of Willis, which is approximated by zeroing the transducer
at the level of the tragus. For a patient undergoing surgery in the
seated position, the transducer should be zeroed at the highest
point of the skull.

When not maintained in the normal range, CPP can be
detrimental due to cerebral ischemia secondary to hypoperfu-
sion at one extreme, and disruption of the blood–brain barrier
from vessel rupture with resultant ischemia and cerebral edema
at the other extreme.

Intracranial pressure
Normal (ICP) in humans is ≤ 10 mm Hg. Although there
is some degree of compliance in the intracranial space, the
reserve is limited, and further additions of volume would
ultimately result in an exponential increase in pressure. The
balance of ICP is dynamically influenced by the three intracra-
nial components – brain, cerebrospinal fluid (CSF), and blood.
Swelling of the brain parenchyma or growth of a brain tumor
can increase ICP. Blocked drainage of CSF by mass effect on
outflow tracts or by decreased absorption through the arach-
noid villi can increase ICP. Finally, increased blood volume
via vasodilatation, hemorrhage, or hematoma can also increase
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ICP. The head-down position in particular will increase ICP
solely by allowing gravity to affect cerebral blood volume, an
important consideration for placement of central lines into the
internal jugular or subclavian veins. Alone or in combination,
these effects can rapidly become fatal, either through ischemia
from hypoperfusion or by herniation of brain tissue. Although
ICP is used to guide clinical management, it does not provide
direct information regarding neuronal function or potential for
neuronal recovery in the injured brain. Clinically, the fastest
method for reducing ICP is CSF drainage via a lumbar or intra-
ventricular drain. Other methods include elevation of the head
(via gravity-provoked venous drainage), hypocapnia inducedby
hyperventilation, and medication interventions such as barbi-
turates, osmotic diuretics, or corticosteroids selectively used for
brain tumors.

Cerebrospinal fluid
Secretion function
Secretion of cerebrospinal fluid (CSF) occurs mainly in the
choroid plexus via active transport of sodium ions, which in
turn brings chloride and subsequently water (by osmosis) into
the subarachnoid space.

Cushion function
The specific gravity of CSF and that of the brain are nearly iden-
tical, allowing for flotation of the brain in the CSFmedium.The
brain andCSFmove as a unit when struck, cushioning the insult
to the brain parenchyma from its striking the inner surface of
the skull.

Excretory function
CSF is reabsorbed by the arachnoid villi, emptying into the
sagittal venous sinus and thereby into the bloodstream. There
are no true lymphatics in brain tissue, so any protein leakage
from parenchymal capillaries in the brain will be absorbed into
the subarachnoid space and thus be reabsorbed by the arach-
noid villi.

CSF pressure
Normal CSF pressure is 10 mm Hg for a supine patient. This
value can range from 5 to 15 mm Hg in normal patients; how-
ever, in pathologic states this can increase to 40 mm Hg or
higher. Suchhighpressures can be caused bymass effect froman
intracranial tumor compressing the brain, blocking the normal
flow of CSF. In other cases the filtering function of the arach-
noid villi can become dysfunctional secondary to inflamma-
tion or physical blockages of the villi due to increased numbers
of cells in the CSF, as is the case with infection or intracranial
hemorrhage.

Blood–brain barrier
The first line of defense the brain has against molecules and
ionized particles entering the interstitium of the brain is the

blood–brain barrier (BBB). Anatomically, this barrier consists
of tight junctions between brain capillary endothelial cells, in
contrast to fenestrations found in vascular endothelium in other
areas of the body. Disruption of this barrier by chronic dis-
ease processes (e.g., intracranial tumors, uncontrolled systemic
hypertension) or by acute events (e.g., hypertension from direct
laryngoscopy, trauma, or inadequatelymanaged acute pain) can
have devastating if not fatal consequences. Severe hypertension
of even very short duration poses significant risk. Substances
that are unimpeded by the BBB include water, lipid-soluble
compounds (e.g., volatile anesthetics), and gases (e.g., oxygen
[O2], carbon dioxide [CO2], nitrous oxide [N2O]). The BBB is
an effective, although not complete, barrier to charged parti-
cles (e.g., electrolytes), polar compounds (e.g., glucose, manni-
tol, amino acids), and larger molecules (e.g., proteins). Access
to the brain interstitium can be obtained by these particles and
compounds through facilitated diffusion (as is the case for glu-
cose), active transport (as is the case for ions), or pinocyto-
sis (as is the case for larger particles such as proteins). Certain
areas of the brain are not protected by the BBB, notably the
area postrema (with attendant implications for postoperative
nausea and vomiting), the pineal gland, and some areas of the
hypothalamus.

Anesthetic agents: effects on cerebral
physiology
Knowledge of the effects of the various anesthetic agents, alone
or in combination with each other, is critical to proper selection
of drugs for patients with disturbance of anatomic or physio-
logic cerebral function (see Fig. 92.6).

Inhalation agents
Volatile anesthetics
All of the volatile anesthetics cause a dose-dependent decrease
in CMR. The effect of volatile anesthetics on CBF is some-
whatmore complicated. CBF is reduced at lower concentrations
of volatile anesthetics (∼0.5 minimum alveolar concentration
[MAC]) due to lowerCMR.CBF is increased, however, at higher
concentrations of volatile anesthetics (∼�1.0 MAC) due to the
dilating effects of volatile anesthetics on the cerebral vascu-
lature. The balance between these two divergent impacts on
CBF is achieved at ∼ 1.0 MAC, at which point CBF is neither
increased nor decreased; it remains unchanged.

CMR
All of the volatile anesthetics cause a reduction in CMR. The
degree of reduction varies somewhat, with isoflurane, sevoflu-
rane, desflurane, and enflurane causing similar decrease in
CMRof approximately 50%.Maximal reduction occurs at 1.5 to
2.0 MAC, and this corresponds to EEG suppression. Compared
to all the other volatile anesthetics, halothane causes the small-
est decrease (∼25%) in CMR. Another noteworthy exception
among the volatile anesthetics is enflurane – while it does cause
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Figure 92.5. Cerebral autoregulation is depressed by the volatile anesthetics
in a dose dependent manner.

a reduction in CMR, it also has the capacity to cause seizure-
type EEG activity with a concomitant increase in CMR.

CBF
CBF is augmented by volatile anesthetics due to their direct
vasodilatory action on the cerebral vasculature. Autoregulation
of CBF becomes increasingly blunted with increasing concen-
trations of volatile anesthetics.Thenormal autoregulation curve
becomes almost linear, with a continuous positive slope, as seen
in Fig. 92.5. The approximate order of cerebral vasodilation
potency of the volatile anesthetics is halothane (191% increase
in CBF at 1.1 MAC) �� desflurane ≈ isoflurane (19% increase
in CBF at 1.1 MAC) � sevoflurane. After continued delivery
of volatile anesthetic to animals for 2 to 5 hours, CBF returns

to normal levels, but this phenomenon has not been shown in
humans. Although all the volatile anesthetics cause an increase
in CBF, halothane is notable for causing the largest increase
in CBF.

ICP
Isoflurane is unique among the volatile anesthetics in its ability
to cause CSF absorption, with resultant decrease in ICP.

N2O
The effect of N2O on cerebral physiology depends in large part
on the manner in which it is administered; its effects differ
if it is administered alone or in combination with an intra-
venous anesthetic or volatile anesthetic. When administered
alone, increases in CBF and ICP do occur and are substan-
tial, owing to the cerebral vasodilation effects of N2O. These
effects, however, are attenuated to negligible levels when N2O
is delivered in conjunction with most intravenous anesthetics
(ketamine being the notable exception). When administered
with volatile anesthetics, CBF is increased beyond what would
be expected if the volatile anesthetic were given alone. This
effect can be mitigated by other interventions such as induced
hypocapnia (response to CO2 is preserved with N2O adminis-
tration) or barbiturate infusion. In summary,N2O in the clinical
setting of reduced intracranial compliance can be appropriate if
used judiciously with other available agents or techniques.

Intravenous agents
Intravenous anesthetics
Parallel reduction in CBF and CMR is the general rule with
the effects of intravenous anesthetic agents on cerebral physi-
ology. For this reason, flow and metabolism are said to be “cou-
pled.” In contrast, flow and metabolism are not coupled for
volatile anesthetics, and this allows for “luxury perfusion” (i.e.
increased CBF with decreased CMR) when volatile agents are
employed. Intravenous agents also allow for retained response

Cerebral
metabolic rate

Cerebral
blood flow

Cerebrospinal
fluid production

Cerebral
blood volume

Intracranial
pressure

Agent

Halothane Isoflurane Desflurane Sevoflurane Barbituate Etomidate Ketamine OpiodsPropofol Lidocaine
Benzo-
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Figure 92.6. Anesthetic agents and their effects on cerebral physiology. Source: Morgan & Mikhail, Clinical Anesthesiology, Chapter 25, Table 25–1.
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Table 92.4 Normal values

Parameter Normal range/values Notes

ICP ≤10 mm Hg
(≤13.6 cm H2O)

CPP 80–100 mm Hg
CSF volume 150 ml Approximately half the volume in cranium and the other half in the

spinal CSF space
CSF production rate 0.3–0.4 ml/min

(18-24 ml/hr)
Daily turnover of approximately 3–4 volumes of CSF. Rate of

formation = rate of reabsorption in normal physiology
CSF pressure 5–15 mm Hg

(6.8–20 cm H2O)
Supine position. Average CSF pressure is 10 mm Hg (13.6 cm H2O)

CNS volume 1600–1700 ml Space occupied by brain, spinal cord, and CSF
Brain mass – newborn 350 g
Brain mass – adult 1350 g
CMRO2 – adult 3.5 ml O2/100 g/min
CMRO2 – child 5.2 ml O2/100 g/min
Brain – % of body weight 2%
Brain – % of cardiac output received 15%–20%
CBF autoregulation MAP 60–150 mm Hg
CBF: gray matter 80 ml/100 g/min
CBF: white matter 20 ml/100 g/min
CBF: average (adult) 50 ml/100 g/min ∼675 ml/min for average adult
CBF: average (child) 95 ml/100 g/min
CBF: average (infant) 40 ml/100 g/min
� in CBF with � in temp. CBF ↑or↓ 5%–7% per 1◦C ↑or↓ in temp.
Hematocrit range for optimal cerebral

O2 delivery
30%–34% In the setting of focal cerebral ischemia

CBV 5 ml/100g ∼70 ml in a normal brain

to CO2 as well as retained cerebrovascular autoregulation. One
caveat about the barbiturates and propofol is that clinically sig-
nificant decreases in MAP can result from their use, and con-
sequently CPP can be decreased. Etomidate (0.3 mg/kg) may
decrease MAP by up to 15% via decreases in systemic vascu-
lar resistance; however, CPP is maintained. Etomidate may be
considered the induction agent of choice in high-risk patients
with significant cerebrovascular disease in whom preservation
of normal blood pressure is critical. Among the intravenous
anesthetic agents, ketamine is the notable exception – it causes a
parallel increase in CBF and CMR. In fact, ketamine is the only
anesthetic agent in clinical practice today that has the ability to
increase CMR. In patients with a history of epilepsy, caution is
advised with the use of ketamine, etomidate, and methohexital
as seizure foci can be activated even with small doses.

Opioids
When added to the anesthetic regimen, opioids have a gener-
ally benign effect on cerebral physiology, a finding that is fairly
consistent among the various opioids when CO2 levels are kept
constant. CBF is either unchanged or only slightly decreased
with opioid administration. Alfentanil (50 mcg/kg) has been
reported to activate seizure foci in patients with epilepsy, and
meperidine has the known risk of CNS toxicity due to accumu-
lation of its metabolite normeperidine.

Neuromuscular blockers
Efforts should be made to prevent coughing or “bucking” on
the endotracheal tube, as this causes significant increases in
ICP. Succinylcholine can cause increased ICP, regardless of the

state of intracranial compliance. This effect on ICP appears
to be mediated by cerebral stimulation caused by increases in
muscle afferent activity. Use of succinylcholine in neurosurgical
patients is not contraindicated, however. A defasciculating dose
of nondepolarizing neuromuscular relaxant may be used in an
attempt to mitigate this increase in ICP from succinylcholine.
Alternatively, a full paralyzing dose of nondepolarizing mus-
cle relaxant can be used to avoid the ICP increase altogether, as
therewould be no afferent activity from themuscle spindle. Suc-
cinylcholine should be avoided in patients with hemi- or para-
plegia due to the risk of hyperkalemia.

Among the nondepolarizing muscle relaxants, histamine
release is the prime concern, as this can cause systemic vasodi-
latation leading to decreased MAP and cerebral vasodilata-
tion leading to increased CBF and ICP – all culminating in
lower CPP. Some of the benzylisoquinolinium compounds can
cause histamine release. The worst offender in this regard is d-
tubocurarine. Other benzylisoquinolinium compounds such as
mivacurium, metocurine, and atracurium have the potential to
release slight amounts of histamine. Cisatracurium, by com-
parison, has negligible histamine-releasing effect. Atracurium’s
metabolite laudanosine has been implicated in epileptogenesis
in animals but not in humans; thus the impact of this finding is
of limited concern in clinical practice.

The steroidal nondepolarizing muscle relaxants lack effect
on ICP. Whereas pancuronium can increase heart rate and
blood pressure, vecuronium is devoid of such hemodynamic
changes and is therefore the muscle relaxant of choice for
patients in whom attention to intracranial compliance is war-
ranted.
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ICP can be reduced by pharmacologic interventions (e.g.,
barbiturates, osmotic diuretics, corticosteroids), hyper-
ventilation-induced hypocapnia, or simply by elevation of
the head (via gravity-provoked venous drainage). The most
expeditious method for reducing ICP, however, is CSF drainage
via an intraventricular or lumbar drain (if one is already in
place).

Anesthetic agents with inherent seizure risk
Seizure activity can result in dramatic increases in CMR (up to
400%). Anesthetic agents that can pose a potential seizure risk
to patients include:

1. Enflurane. Its ability to produce seizures is potentiated by
hyperventilation and by inspired concentrations of 2% to
3% (MAC of enflurane is 1.68%). Clinically, this property
of enflurane has been used to aid in the surgical resection
of silent epileptogenic foci (by activating them) in patients
with epilepsy.

2. Sevoflurane (especially in children).
3. Ketamine. It can cause selective activation of the thalamic

and limbic areas of the brain.
4. Methohexital. It can activate seizure foci in patients with

temporal lobe epilepsy and can be used to accommodate a
request by a surgeon performing an awake craniotomy for
seizure surgery.

5. Etomidate. In small doses, it can activate seizure foci
(without causing convulsant-like motor activity) in
patients with a history of epilepsy. Therefore, it can be used
for intraoperative mapping of seizure foci. Conversely,
etomidate possesses anticonvulsant properties and has
been used to terminate status epilepticus.

6. Atracurium. Via its metabolite laudanosine, it has been
shown to be epileptogenic in some animal models,
although it must be emphasized that epileptogenesis is
highly unlikely in humans.

7. Meperidine. Particularly if administered in high doses
and/or for extended duration, it has been implicated in
CNS toxicity owing to its metabolite normeperidine.

8. Alfentanil. Even in small doses, it can activate seizure foci
in patients with a history of epilepsy.

Neurophysiology normal parameters
For a summary of normal parameters for neurophysiologic
variables, see Table 92.4.
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Chapter

93 Cerebral protection
Grace Y. Kim

Introduction
The brain has a high metabolic demand but is limited in its
storage of oxygen, glucose, and adenosine triphosphate (ATP).
When cerebral blood flow (CBF) decreases to below the thresh-
old of ischemia, brain ischemia occurs within 3 to 8 minutes.
Thus, the window of opportunity for therapeutic intervention
is short.

Ion homeostasis
Resting membrane potential is kept negative by the active
sodium–potassium pump. Pumping ions against the concen-
tration gradient consumes most of the energy in the brain.
Ca2+ ions function as secondmessengers during cell excitation.
When the presynaptic terminal is depolarized, voltage-
dependent Ca2+ channels open and Ca2+ ions enter the ter-
minal. Vesicles containing neurotransmitters fuse with the
terminal membranes and their content is released into the
synaptic cleft. When the postsynaptic neurons are depolar-
ized by excitatory neurotransmitters, action potentials are
generated. If the transmitters are inhibitory, however, the
neurons are hyperpolarized and action potentials are not
generated.

The freeCa2+ concentration in the intracellular cytoplasm is
much lower because most of the intracellular calcium is stored
in mitochondria and endoplasmic reticulum. This gradient is
maintained by active transport of calcium out of the cytoplasm
and into the mitochondria. During ischemia, the inhibition of
this energy-requiring step increases the free Ca2+ ions in the
cytoplasm and initiates a cascade of reactions.

Cerebral metabolic function
There are two types of metabolic functions in a neuron:
electrical activity and basal cellular homeostasis. Fifty-five
percent of the total energy is used for electrical activity,
and 45% is used for basic cellular homeostasis. The brain
has little reserve in high-energy phosphate compounds such
as phosphocreatine and is dependent on continuous pro-
duction of ATP. During ischemia, stored phosphocreatine
is preferentially used to preserve ATP levels. Phosphocrea-
tine is depleted within 1 minute, glucose within 4 minutes,
and ATP storage within 5 to 7 minutes. Most of the ATP

Table 93.1. Cerebral ischemia

Type of ischemia Affected area Clinical scenario

Global ischemia Whole brain Cardiac arrest, anoxia
Focal ischemia Some areas of the brain Stroke, temporary

clipping

is produced from oxidative phosphorylation of glucose in
mitochondria.

Cerebral ischemia
Cerebral ischemia is divided into global and focal ischemia.
Global ischemia occurs during cardiac arrest when there is
complete cessation of blood flow. Focal ischemia occurs when
the blood flow is interrupted in a part of the brain (Table 93.1).

Cerebral blood flow during ischemia
When CBF is low, brain cells first increase oxygen extraction
to preserve their function. When maximal oxygen extraction
occurs, brain cells shut off electrical activity to save energy.This
shutoff occurs when CBF is between 15 and 18 ml/100 g/min.
Further reduction in CBF to less than 10 ml/100 g/min causes
basic cellular functions to cease and ion pumps to fail. The
area of the brain with CBF between these two ranges is called
the penumbra, which has the potential for full recovery if the
flow is restored quickly. When CBF decreases below 10 ml/100
g/min, irreversible neuronal death occurs. This catastrophic
event occurs during a cardiac arrest if the circulation is not
restored in 3 to 8minutes. Global ischemia progresses so rapidly
that neuronal death occurs before a penumbra zone has time to
form. The survival of the penumbra depends on the duration
and extent of ischemia as well as the efficacy of the collateral cir-
culation. When autoregulation is impaired, CBF becomes pres-
sure dependent and the maintenance of adequate cerebral per-
fusion pressure (CPP) is critically important. Augmentation of
blood flow by induced hypertension or by inverse steal may
potentially reduce the extent of focal ischemia (Fig. 93.1).

CBF is regulated by metabolic demand. Cerebral metabolic
activity can be measured from jugular bulb blood samples.
When CBF is less than the minimal blood flow necessary for
survival of neurons, it is called the ischemic flow threshold. It
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occurs at 8 to 10 ml/100 g/min with isoflurane–nitrous oxide
anesthesia. In animal studies, reversible paralysis occurs when
CBF is less than 23 ml/100 g/min, and permanent paralysis
occurs when CBF is less than 8 to 9 ml/100 g/min. Different
areas of the brain show selective vulnerability. For example, the
limbic system and cerebellum are particularly susceptible to
ischemia. This selective vulnerability may be explained by dif-
ferent levels of metabolic activity in different parts of the brain.
There is believed to be a 24-to-72-hour window of time between
neuronal ischemia and permanent necrosis duringwhich a clin-
ician can intervene.

When ischemia occurs, pyruvate enters an anaerobic path-
way and is metabolized to lactate. Cells become acidotic from
increased levels of lactic acid and consumemore ATPs tomain-
tain the electrochemical gradient inmitochondria. It is not clear
whether lactate has direct neurotoxic effects, but the continu-
ous production of lactic acid is postulated as the mechanism of
intracellular acidosis, which promotes the cascade reactions of
ischemic injury.

Pathophysiology of cerebral ischemia
With the failure of the sodium–potassium pump, the ion
concentration gradient is lost, resulting in loss of cellular
membrane integrity. When the blood–brain barrier (BBB) is
disrupted, cells begin to swell and cerebral edema ensues. Fur-
thermore, Ca2+ ions are no longer pumped out of the cell or into
the innermembrane ofmitochondria. Increasing the intracellu-
lar Ca2+ level activates phospholipases, proteases, and endonu-
clease. Phospholipases damage cell membranes, producing free
fatty acids (FFA), proteins, and oxygen radicals. Lipid peroxi-
dation is the final outcome of the damage.The release of excita-
tory neurotransmitters allows further entry of calcium through

excitatory neurotransmitter channels and creates a vicious cycle
of neuronal damage.

The level of excitatory neurotransmitters, glutamate and
aspartate, is elevated in the ischemic brain. The areas where
excitatory neurotransmitter receptors are concentrated are
more susceptible to ischemic injury. N-methyl-d-aspartate
(NMDA) receptors, one type of glutamate receptor, allow
movement of Ca2+ and are involved in ischemic neuronal
injury. FFA are further metabolized to arachidonic acid, which
produces prostacyclin in endothelial cells and thromboxane
A2 in platelets. During ischemia, the activity of prostacyclin
synthetase is inhibited, and the amount of thromboxane A2
is increased. Thromboxane A2, a potent vasoconstrictor and
platelet aggregator, is known to worsen hypoperfusion.

The brain has a limited amount of free radical scavengers.
The level of free radicals increases during reperfusion when
oxygen becomes available. Free radicals may be formed from
iron present in the intracranial blood. Superoxide reacts with
hydrogen peroxide to produce highly reactive hydroxyl radicals.
This reaction is catalyzed by Fe2+. In addition, when the brain
becomes ischemic, the level of nitric oxide (NO) increases dra-
matically withinminutes.The effect of NO is either beneficial or
harmful depending on its source of production in that endothe-
lial release of NO is neuroprotective, whereas neuronal release
of NOworsens ischemia. NO stimulates the production of exci-
tatory neurotransmitters and, when combined with superox-
ide radicals, produces the most damaging free radicals called
peroxynitrite.

For a brief period of time, ischemia is followed initially by
reactive hyperemia, which is caused by the release of vasoac-
tive substances during ischemia and the subsequent increased
metabolic demand during recovery. During reperfusion, a vari-
ety of vasoconstrictive mediators are released contributing to
the secondary injury. Ca2+ and thromboxane A2 are partic-
ularly implicated in postischemic vasoconstriction. Reperfu-
sion injury includes hypoperfusion secondary to tissue edema,
vasospasm, intracellular acidosis, intracellular calcium over-
load, and production of excitatory neurotransmitters and free
radicals. Other vascular changes include platelet activation,
prostaglandin synthesis, endothelial swelling, and thrombosis
from platelet aggregation. Furthermore, a variety of inflamma-
tory mediators are activated and exacerbate neuronal injury.
The role of inflammation can be beneficial or detrimental. It
is well-known that the biochemical process during reperfusion
perpetuates cellular injury and determines the ultimate out-
come.

Neuronal death involves the process of necrosis, apopto-
sis, or both. Necrotic death starts almost immediately after
ischemia and causes significant inflammation that damages the
surrounding tissue. In contrast, apoptotic death occurs days
after the initial insult and is a more organized form of cell
death. In addition, structural reorganization continues for a
long period of time through the process called diaschisis. Apop-
tosis and inflammation play important roles in the regeneration
of neurons (Fig. 93.2).
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Strategy of cerebral protection
Cerebral protective strategies are focused on two types of
injury: ischemic and reperfusion. Each type offers unique
opportunities for therapeutic interventions.Themain strategies
include decreasing cerebral metabolism, inducing hyperten-
sion through collaterals, maintaining membrane ion channels,
decreasing Ca2+ influx, inhibiting excitatory neurotransmis-
sion, preventing lipid peroxidation, maintaining BBB integrity,
and preventing intracellular acidosis.

Physiologic intervention
Induced hypertension
The theory behind induced hypertension is based on the
Hagen–Poiseuille equation:

Q = �P�r4

8L�
, (Eqn. 1)

where Q= blood flow, �P= pressure gradient, r= radius, �=
viscosity, and L = length.

During ischemia, cerebral vessels are maximally dilated and
become pressure dependent. In contrast, they are constricted
during vasospasm. In either case, the diameter of the blood ves-
sel is fixed. The only parameters that can be manipulated are
the pressure difference and blood viscosity. Because CBF is lin-
early proportional to the pressure gradient, induced hyperten-
sion improves CBF in the ischemic area.

Induced hypertension is routinely used during burst sup-
pression. The mechanism of action is explained in the follow-
ing diagrams (Fig. 93.3). When the blood flow is interrupted,
CBF is maintained by vasodilation of the collateral circulation
(Fig. 93.3b).When the collateral flow becomes insufficient, CBF
drops below the ischemic threshold (Fig. 93.3c). If the blood
pressure increases, the collateral blood flow increases to above
the ischemic threshold (Fig. 93.3d). The major collateral sys-
tem is the circle ofWillis, which is incomplete formost patients.

The blood flow through collateral pathways increases over time
during chronic ischemia. In acute ischemia, however, a pres-
sure gradient is necessary, and augmented blood pressure redi-
rects the flow. In global ischemia, blood pressure control has no
effect because there is no circulation. In focal ischemia, the ves-
sels in the ischemic area are maximally dilated, and there is no
benefit of vasodilators. Further vasodilation may even worsen
the ischemia by shunting blood to the normal brain. Induced
hypertension ismost effectivewhen the cerebral vasculature has
impaired autoregulation. There are potential risks of induced
hypertension. If the BBB is damaged, it may cause extravasation
of fluid and worsen ischemia. Another serious complication is
the conversion of cerebral infarct to hemorrhagic stroke.

Hypothermia
Hypothermia has been used as a cerebral protective strategy for
many years. Its mechanism of action is a decrease in the energy
requirement for electrical and basal metabolic activity. The
cerebral metabolic rate (CMR) is temperature-dependent, and
the degree of protection is also temperature-dependent. CMR
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decreases 4% for each decreased degree Celsius. The maximum
decrease occurs between 27◦C and 14◦C, the temperature range
at which electrical activities cease. With further reduction in
the temperature, the basal metabolic rate continues to decrease.
At 15◦C, the temperature used for circulatory arrest, CMR
decreases to 10% of normal. Deep hypothermic circulatory
arrest has been used safely for up to 60 minutes. In addition,
hypothermia inhibits excitatory neurotransmitters, lipid per-
oxidation, and free radicals. More recent studies suggest that
the role of hypothermia in inhibiting the biochemical steps of
ischemic cascade is more significant than its effect on decreas-
ing CMR.

The clinical advantage ofmild hyperthermia remains incon-
clusive.The IntraoperativeHypothermia for Aneurysm Surgery
Trial (IHAST) demonstrated no benefit of mild (33◦C) intraop-
erative hypothermia prior to aneurysm clipping in “good-grade
patients” with a preoperative World Federation of Neurologi-
cal Surgeons score of I, II, or III. Furthermore, hypothermia
failed to improve neurologic outcome in patientswith traumatic
brain injury. By contrast, mild hypothermia in comatose sur-
vivors of cardiac arrest has demonstrated a better neurologic
outcome.Themajor risk of hypothermia is coagulopathy.Mech-
anisms include platelet dysfunction, splenic sequestration, and
decreased activity of the enzymes involved in the coagulation
pathway. Hypothermia also causes sludging of red blood cells
and shifts the hemoglobin–oxygen dissociation curve to the left
(Table 93.2).

Mild hypothermia in the range of 33◦C to 34◦C has been
used without significant additional morbidity. The tempera-
ture is easily controlled with a circulating water blanket under-
neath and a convection air blanket above the patient’s body. A
rebound intracranial pressure (ICP) increase should bewatched
for during rewarming. Brain-injured patients often develop
hyperthermia. Even though hypothermia has not conclusively
proven to be a cerebral protective strategy, hyperthermia has
consistently been shown to produce adverse effects and should
be prevented.

Normoglycemia
The brain has limited stores of glucose, which is the only
metabolic substrate for the brain in a normal situation. When

Table 93.2. Complications of deep hypothermia (18–22◦C)

Cardiovascular Myocardial depression, arrhythmia, hypotension, ↓tissue
perfusion, ↓ADH, ↑viscosity, vasoconstriction

Coagulation Thrombocytopenia, platelet dysfunction, fibrinolysis,
sludging

Metabolism Slow metabolism of anesthetic agents, prolonged
neuromuscular blockade

Shivering Increased O2 consumption
Surgical Increased wound infection

AHD, antidiuretic hormone. Modified from Kass IS, Cottrell JE. Pathophysi-
ology of brain injury. In: Cottrell JE, Smith DS, eds. Anesthesia and Neuro-
surgery, 4th ed. St. Louis, MO: Mosby, 2001: 75.

the blood glucose level is less than 20 mg/dl, an isoelectric
line is observed on the electroencephalogram (EEG). With fur-
ther reduction in the glucose level, neuronal injury ensues.
Hyperglycemia has been shown to exacerbate neurologic
injury following both focal and global ischemia, although the
cause-and-effect relationship has not been clearly established.
During ischemia, glucose undergoes anaerobic glycolysis and
produces lactate. Pre-ischemic hyperglycemia theoretically pro-
vides additional substrates and produces more lactate. Incom-
plete ischemia continues to provide limited perfusion and pro-
duces more lactate compared with complete ischemia, there-
fore worsening acidosis in the brain. In addition, hyperglycemia
during ischemia reduces the level of adenosine in the brain.
Adenosine is known to inhibit the release of excitatory neu-
rotransmitters and vasodilate cerebral vessels. The target for
glucose levels of between 100 and 180 mg/dl is achieved with
insulin infusion. Frequent checks of blood glucose levels are
mandatory to avoid hypoglycemia.

Normocapnia
Hypocapnia may increase the risk of cerebral ischemia by
reducing CBF, whereas hypercapnia may compromise CPP by
increasing ICP. Thus, the goal is to maintain normocapnia.
Prophylactic hyperventilation in patients with traumatic brain
injury is associated with a worse outcome and is no longer used.
When the patient has signs of impending herniation or a tight
brain, however, mild hyperventilation may be used temporarily
for ICP control and brain relaxation, respectively.

Pharmacologic intervention
Barbiturates
Barbiturates remain the gold standard agent for cerebral pro-
tection in focal ischemia. Burst suppression is used to pro-
long the ischemic time during temporary clipping of a cerebral
aneurysm. Barbiturates are also used for refractory intracranial
hypertension and cerebral edema. One possible mechanism for
cerebral protection is the decreased energy consumption for
neuronal transmission. Thiopental decreases CBF and reduces
CMR to a maximum of 50%. When all the neuronal activ-
ities cease, as demonstrated by isoelectric EEG, there is no
further decrease in CMR. There are other protective mecha-
nisms, such as inverse vascular steal, blocking Na+ channels,
reducing Ca2+ influx, blocking excitatory neurotransmitter
release, and inhibiting free oxygen radical formation. In global
ischemia, both neuronal andmetabolic activities are shut down
by ischemia itself in 30 seconds, and barbiturates have not been
shown to be beneficial.

During burst suppression, thiopental is given prior to the
placement of temporary clips. Thiopental is titrated with burst-
suppression EEG tracing. When burst suppression is achieved,
there is no further activity to be suppressed, and an additional
dose of barbiturate does not offer more cerebral protection.
During this time, blood pressure is maintained at 20% to 30%
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above the baseline to increase the collateral flow to the poten-
tially ischemic area.

Etomidate and propofol
Etomidate and propofol reduce CMR and CBF, but they
lack the protective mechanisms offered by barbiturates. The
major advantage of etomidate is its well-known hemody-
namic stability. The disadvantages are myoclonic movement
that may appear as a seizure activity and potential adreno-
cortical suppression. Propofol has the advantage of a quick
wake-up but has the side effects of seizure-like activity and
myoclonus.

Volatile agents
Volatile agents offer some benefits regarding neurologic out-
come within the range used clinically. In global ischemia
the effect is transient, but in focal ischemia it is persistent.
Volatile agents reduce CMR by suppressing neuronal activity
and increase CBF. The recent discovery that deep anesthesia
may promote apoptosis by blocking synaptic transmission and
inhibiting neurogenesis is intriguing, however. Indeed, some
studies have suggested that cumulative deep anesthesia time
appears to be an independent predictor of increased postopera-
tive mortality. Thus, reducing cumulative deep anesthesia time
may offer some cerebral protection.

Calcium channel blockers
Cerebral arteries depend on the extracellular calcium source for
their contraction, whereas systemic arteries use the intracellular
calcium instead. For this reason, cerebral arteries are sensitive to
calcium channel blockers. Two of themost widely studied drugs
are nimodipine and nicardipine. Both drugs have a vasodilating
effect and improve CBF.

Several randomized studies show that patients treated with
nimodipine after subarachnoid hemorrhage (SAH) have a bet-
ter neurologic outcome than does the placebo group. Nimodip-
ine has been used extensively for the treatment of vasospasm,
but cerebral angiography has not demonstrated the improve-
ment of vasospasm. The mechanism of cerebral protection is
not clearly understood, but may involve improved regional
blood flow and blocking Ca2+ into cells andmitochondria. Pro-
phylactic nimodipine is a standard treatment for patients with
SAH. In contrast, nicardipine decreased the incidence of clin-
ical vasospasm, but showed no difference in the outcome at
3 months.

Other potential drugs
Neurotransmitter modulators may play an important role in
inhibiting the cascade of ischemic reactions. Early clinical stud-
ies of glutamate antagonists, especially NMDA receptor antag-
onists, did not show significant clinical benefit. Ketamine binds
phencyclidine-binding sites of NMDA receptors and is found to
block the action of glutamate. Magnesium also blocks NMDA

receptors and prevents calcium influx and excitatory amino
acids. The randomized trial of magnesium loading within 12
hours of acute stroke, however, did not improve the outcome
despite the neuroprotective effect shown in several animalmod-
els. Free radical scavengers such as vitamins C and E are under
investigation. Studies of tirilazad mesylate, a potent free radical
scavenger, have not shown a benefit in clinical trials of ischemic
stroke. Inhibitors of inducible NO synthase (iNOS) have shown
some promise in reducing cerebral ischemia. Lidocaine blocks
sodium influx, and in an animal model it has shown benefits
in transient focal cerebral ischemia even when administered 45
minutes after the onset of ischemia. It has been found that ery-
thropoietin is produced in the ischemic penumbra. Recombi-
nant human erythropoietin treatment appears to reduce the size
of the cerebral infarct.

Conclusion
Many new cerebral protective agents that have shown some
promise in laboratories have shown conflicting results or have
failed to demonstrate benefits in clinical studies, partly because
the window of opportunity for therapeutic intervention is nar-
row and the injured brain continues to undergo structural reor-
ganization over a long period of time. These observations have
led to a new concept of “the neurovascular unit” consisting
of neurons, microvessels, and supporting cells as a potential
target for cerebral protection instead of neurons alone. Sur-
rounding microvessels, astrocytes, glial cells, and inflamma-
tory mediators in the neurovascular unit are likely to play a
critical role in modulating the ultimate outcome of ischemic
injury. Other promising concepts include pre-ischemic precon-
ditioning of the brain and enhancing endogenous repair of
neurons.

At present, there is no panacea for cerebral protection. The
most important strategy is prompt restoration of oxygenation
and circulation. Careful surgical planning can also prevent
unnecessary ischemic events. It appears that maintaining
the physiologic parameters in the optimum range is far
more important than any pharmacologic intervention. Further
understanding of the pathophysiology of cerebral ischemia will
help us to find better cerebral protective strategies in the future
(see Table 93.3).

Table 93.3. Cerebral protection strategy

Physiologic Pharmacologic

Induced hypertension
Avoid hyperthermia
Mild hypothermia
Normoglycemia
Normocapnea
Normal pH
Avoidance of seizure
ICP control

Barbiturate
Nimodipine
Prostaglandin synthesis inhibitor
Mg2+
Vitamins C and E
Lidocaine
Erythropoietin
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Chapter

94 Craniotomy
Elizabeth M. Rickerson and Lisa J. Crossley

Preoperative evaluation
A comprehensive evaluation preceding surgery should be con-
ducted for every anticipated craniotomy, as is performed in
all major surgeries. Particular attention should be paid to the
patient’s baseline neurologic examination and functional sta-
tus, as well as to the location of the lesion(s) and the presence
or absence of mass effect. The presence of specific symptoms
such as headache, decreased level of consciousness, visual dis-
turbances, papilledema, and seizures should be determined and
documented; these symptoms may be indicative of increased
intracranial pressure (ICP) or other pathologies. Evaluation of
neuroimaging studies to discern the location and size of the
lesion as well any subclinical evidence of intracranial hyperten-
sion helps with the assessment of operative needs for exposure
and the potential for intraoperative hemorrhage. In general,
peritumor edema with mass effect great enough to cause a shift
in the midline structures will require intraoperative efforts to
decrease the ICP. Effacement of the lateral ventricles by tumor
burden or expansion of the ventricles by obstructive hydro-
cephalus indicates that any maneuver resulting in an increased
intracranial volume could cause a disproportionate increase in
ICP. Small, superficial lesions generally causeminimal difficulty
with regard to exposure and hemorrhage, whereas larger lesions
or lesions that are deeper in the brain provide a greater challenge
for surgical exposure as well as a greater potential for blood loss
(Table 94.1).

For non-emergent cases, cardiac optimization prior to sur-
gery is necessary formany reasons. Commonly used techniques
used in neuroanesthesia to reduce ICP can stress the heart.
Hyperventilationdecreases venous return andhypocarbia func-
tionally reduces coronary blood flow.Diuretics ultimately cause
further reductions in cardiac output but can transiently increase
blood volume and worsen pulmonary function in patients with
cardiac failure.

Fluid and electrolyte imbalances are common in craniotomy
patients because of poor oral intake, steroids, and diuretics.
These imbalances should be optimized prior to surgery. Seizure
prophylaxis and treatment may also be required. Patients with
seizure disorders are usually on anticonvulsants; blood levels of
these drugs should be checked in any patient with signs of tox-
icity or a history of recent seizures.

Preoperativemedications
Sedative medications can blunt the ventilatory drive, leading
to hypercarbia and increased ICP, which may not be tolerable
in many craniotomy patients. In general, preoperative medica-
tions for anxiolysis are given at the discretion of the anesthe-
siologist when the patent is under direct supervision or upon
induction in the operating room. In current clinical practice,
the use of preoperative steroids has made it relatively safe to
administer sedatives to many patients with brain tumors.

Monitoring and access
Standard American Society of Anesthesiologists monitors
should be used for all craniotomy cases. Additional monitors
should be used depending on the particular surgery. Intra-
venous access (preferably on an arm that can be accessed after
the patient is prepped and draped) with one or two large bore
peripheral intravenous catheters (more depending on antici-
pated blood loss) is desirable. Arterial catheters are often used
in craniotomies and can be placed prior to surgery if tight blood
pressure control during induction is a concern; alternatively, the
arterial catheter can be placed postinduction. Transduction of
the arterial catheter at the level of the external auditory meatus
in the supine or prone patient gives a good approximation of
the mean arterial pressure (MAP) at the circle of Willis. MAP
approximates cerebral perfusion pressure (CPP) until the cra-
nium is open at which time CPP=MAP in the brain (except in
the regions of the brain where retractors and packing compress
the brain directly). An arterial catheter can also help with the
management of blood gases, electrolyte imbalances, and glu-
cose control.

The use of central venous catheters is not routine for cran-
iotomies but is generally helpful in cases when a significant
amount of blood loss is anticipated. Central venous pressure
(CVP) monitoring can also be useful in the management of
intravascular fluid status in patients undergoing resection of
large suprasellar tumors who might be at risk for diabetes
insipidus. A pulmonary artery catheter may be indicated for
patients with severe cardiopulmonary disease. Central venous
catheters are often placed in the subclavian veins because access
to the neck can be limited and the neckmay be rotated substan-
tially, which could obstruct venous outflow.
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Table 94.1. Mechanisms of increased intracranial pressure

1. Mass lesions Hematoma, tumor, abscess
2. CSF accumulations Hydrocephalus

a. Impaired absorption – meningitis, subarachnoid hemorrhage, etc.
b. Obstructive – congenital, due to tumors and other masses
c. Increased production – choroid plexus Papilloma

3. Cerebral edema Increased brain water content
a. Vasogenic – vessel damage (tumor, abscess, confusion)
b. Cytotoxic – cell membrane pump failure (hypoxia, ischemia, toxins)
c. Hydrostatic – high transmural pressure (dysautoregulation, postdecompression)
d. Interstitial – high CSF pressure – e.g., hydrocephalus

4. Congestive (vascular) brain swelling Increased cerebral blood volume
a. Arterial vasodilation
b. Venous obstruction

Albin M. Textbook of Neuroanesthesia with Neurosurgical and Neuroscience Perspectives. New York: McGraw-Hill; 1997.

Neuromuscular “twitch” monitors used to guide dosing of
muscle relaxants should be used with care for patients with
paresis as they can have increased numbers of acetylcholine
receptors at the end plates of lower motor neurons. This can
make the degree of neuromuscular block with nondepolariz-
ing agents appear less than it actually is. If possible, the twitch
monitor should be placed away from the paretic limb(s); if that
is not possible, interpreting the twitch monitor results must be
done with care to prevent overdoses of neuromuscular blocking
agents.

Depending on the location of the lesion, intraoperative
monitoring of brainstem evoked potential responses, audi-
tory evoked responses, visual evoked responses, somatosensory
evoked responses,motor evoked potentials, and electromyogra-
phy (EMG)may be useful in guiding surgical resection. Surgery
may also be performed under local anesthesia to allow ongoing
monitoring of function if areas of the cortex that control speech
and/or motor functions are involved.

Induction and maintenance of general anesthesia
There are a variety of approaches to the induction and main-
tenance of anesthesia for craniotomies. The most commonly
accepted methods are designed to accomplish the following
goals:

(1) A smooth induction with tight hemodynamic control
with minimal coughing and straining;

(2) “Full stomach” precautions in patients undergoing
emergency craniotomy;

(3) The ability to achieve hypocapnia quickly and efficiently;
(4) The avoidance of hypoxia and hypercarbia;
(5) Emergence from the anesthetized state with minimal

coughing and straining to prevent increased ICP and
bleeding in the surgical site; and

(6) A rapid emergence to allow an immediate postoperative
neurological examination.

Hypotension during induction usually can be avoided by
preinduction volume loading (10 ml/kg normal saline) with

adjustments based on the patient’s cardiac and volume status.
Barbiturates, often used for induction, are potent vasoconstric-
tors that decrease cerebral blood flow (CBF) and may improve
recovery from cerebral ischemia. When consciousness is lost,
the patient should bemanually hyperventilated until the neuro-
muscular blocker to facilitate endotracheal intubation has taken
effect and it is safe to proceed with intubation. When the dura
has been opened, anesthetic requirements are often lower as
the brain parenchyma is devoid of sensation. Iso-osmolar fluids
such as normal saline are preferable to hypo-osmolar solutions
such as lactated Ringer’s because of the effect on ICP: Normal
plasma osmolarity is 280 to 307mOsm/L.The osmolarity of lac-
tatedRinger’s is 273mOsm/L,which can cause a transfer of fluid
into cells and increased ICP. The osmolarity of normal saline is
308 mOsm/L, and should therefore not increase ICP substan-
tially. Hypothermia may confer some protection from cerebral
ischemia (although human trials to date have not shown a ben-
efit of hypothermia). Hyperthermia should be avoided.

Succinylcholine is generally avoided because of the brief
increase in ICP during muscle fasciculations; however, in
instances of a difficult airway assessment, the use of succinyl-
choline may be warranted. A defasciculating dose of a non-
depolarizing muscle relaxant may decrease or eliminate this
transient increase in ICP. Ketamine increases CBF and ICP and
is rarely used for craniotomies. Most of the other intravenous
anesthetics (opioids, barbiturates, benzodiazepines, etomidate,
and propofol) are cerebral vasoconstrictors and thereby reduce
CBF. Etomidate has been associatedwithmyoclonic activity and
is best avoided in seizure-prone patients. For patients with a
history of seizures, atracurium or cisatracurium and meperi-
dine should also be avoided because of their epileptogenic
metabolites, laudanosine and normeperidine, respectively. Cal-
ciumchannel blockers such as nimodipine can improve cerebral
vasospasm after subarachnoid hemorrhage.

Nitrous oxide (N2O) is most likely a cerebral vasodilator;
vasodilation can be attenuated by hyperventilation and intra-
venous agents. There is controversy regarding the use of N2O
and its potential for causing a clinically significant tension
pneumocephalus; it should probably not be used in cases where
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pneumocephalus is known to exist as it diffuses more rapidly
into air-filled spaces than nitrogen is able to diffuse out. There
is also controversy as to whether N2O should be used in the sit-
ting position because of the higher risk of venous air embolism
(VAE) associated with the sitting position. If a VAE has been
detected, it is good practice to discontinue N2O because of its
potential to expand the size of the entrained bubble. Volatile
anesthetics produce a dose-dependent reduction in cerebral
metabolism. Isoflurane is the most potent of the volatiles in this
respect and can produce an isoelectric electroencephalogram
(EEG) at lower concentrations.

Elevated ICP tends to force the brain out through cran-
iotomy incisions and can lead to both poor surgical access
and neuronal injury. Intracranial hypertension with signifi-
cant midline displacement might be indicative of increased ICP
despite appropriate hyperventilation. Therapy consists of using
osmotic diuretics to increase the osmolality of the blood rela-
tive to the brain and pull water across the blood–brain barrier
(BBB). An intravenous infusion ofmannitol at a dose of approx-
imately 0.5 to 1 g/kg before opening the skull is often used when
the patient’s baseline osmolality is�290mOsm/kg. Furosemide
can be used alone or as an adjunctive therapy with mannitol.
Furosemide is usually given prior to mannitol as mannitol can
cause an initial increase in ICP by drawing fluid intravascularly.
Cerebral spinal fluid (CSF) can also be removed with either a
ventriculostomy tube or a spinal catheter placed in the lumbar
subarachnoid space to permit drainage.

Available data do not lend support to any one combination
of anesthetic maintenance agents as long as the goals stated ear-
lier in this chapter are accomplished. One approach is to infuse
a short-acting opioid infusion (sufentanyl, remifentanil, or fen-
tanyl) with 70% N2O and minimal isoflurane. Remifentanil
usage requires that adequate longer acting narcotics be given
to prevent postoperative hypertension secondary to inadequate
pain control. Before the dura is closed, the blood pressure
should be restored to pre-induction levels to verify adequate
hemostasis. In instances where the brain is swollen and the
dura cannot be closed, the patient should be transported to
the intensive care unit (ICU) on controlled ventilation. If
new neurological deficits are noted on immediate postop-
erative examination, immediate surgical re-exploration or a
CT scan may be required; this may or may not require re-
intubation.

Awake craniotomy
Craniotomies can also be performed under local anesthesia
with or without sedation; this is often done for seizure surgery
or if the lesion is close to areas of the brain that control speech
and motor function. In these cases, an anesthetic should be
chosen that both provides anxiolysis and patient comfort and
allows for ongoing interaction with the patient. One approach
is to use a dexmedetomidine infusion; another option is to use
the more traditional conscious sedation combination of mida-
zolam and fentanyl or sufentanil. Access to the airway can be

extremely limited, thus care must be taken to avoid depressing
the ventilatory drive entirely.

Fluid management
Fluid management for craniotomies requires an understand-
ing of how fluid shifts across the BBB. In the peripheral vas-
culature, the endothelial junctions of the capillaries are highly
permeable and allow the passage of water, ions, and most low-
molecular-weight substances. In these tissueswhere electrolytes
pass freely, water moves in the direction of transcapillary con-
centration gradient of the larger plasma proteins. In contrast,
the brain and spinal cord are isolated from the intravascular
compartment, and the endothelial junctions are tight enough to
prevent even the passage of ions. Fluid movement is governed
by the osmolar gradient, which is determined by the relative
concentrations of all osmotically active particles, including the
electrolytes.The sodium concentration of the fluid to be infused
thus becomes quite important. So-called free-water solutions,
i.e., solutions without electrolytes (5% dextrose in water), will
lower plasma osmolality, drive water across the BBB into the
brain, and increase brain edema and ICP. Dextrose-containing
fluids are avoided because of their propensity to worsen neu-
rologic outcome during focal ischemia. Of the isotonic crys-
talloids, lactated Ringer’s solution is mildly hyponatremic, and
when large volumes are infused rapidly, ICP can increase. Nor-
mal saline is therefore the isotonic crystalloid of choice. When
the BBB is intact, mannitol can be used to dehydrate the brain
anddecrease ICP; doses of 0.25 to 1.5 g/k increase plasmaosmo-
lality, and water moves from the brain into the vasculature.
Mannitol administration can transiently increase ICP:With the
acute increase in plasma osmolality, the cerebral vasculature
may initially vasodilate. As stated earlier, furosemide can be
given prior to mannitol to attenuate this affect.

Glucose control
The optimal range of serum glucose in traumatic brain injury
remains unclear, according to recent studies. In one study, a
serum glucose level ≥200 mg/dl was associated with a 3.6-
fold increase in mortality. This study recommended maintain-
ing serum glucose levels ≤180 mg/dl, which was associated
with only a 4.3% incidence of hypoglycemia compared to an
18.7% incidence of hypoglycemia in patients undergoing inten-
sive insulin therapy.

Transsphenoidal surgery
Pituitary tumors less than 10 mm in diameter are usually
approached transsphenoidally. The pituitary gland lies in the
sella turcica of the sphenoid bone and is bordered by several
important structures including the carotid artery and cranial
nerves (CN) III, IV, V1, and VI. The stalk of the pituitary gland
is close to the optic chiasm, and visual evoked potentials may
need to be monitored intraoperatively if the tumor involves or
lies close to the optic nerve. The surgical approach is through
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the nasal cavity and nasal septum, then through the roof of
the sphenoid sinus to access the sella turcica. There are sev-
eral problems that can be encountered with the transsphenoidal
approach. Prior to surgery, the tumor may actively secrete one
or more of the pituitary hormones (anterior pituitary: adreno-
corticotropic hormone [ACTH], thyroid-stimulating hormone
[TSH], growth hormone [GH], follicle-stimulating hormone
[FSH], luteinizing hormone [LH], and prolactin; posterior
pituitary: vasopressin and oxytocin). Abnormalities should be
investigated prior to any procedure and corrected to the extent
possible. Consultation with an endocrinologist may be advis-
able. As with any surgery in the nasal cavity, the mucosa can
bleed heavily and may require topical or injected vasocon-
strictive agents. Blood and tissue debris from the nasal cavity
can accumulate in the oropharynx, esophagus, and stomach.
Risks of the surgery include hemorrhage from damage to the
carotid artery or sinus, CSF leak, pituitary hypofunction, and
cranial nerve damage. Prophylactic glucocorticoids are usually
administered.

Epilepsy surgery
Patients whose seizures are inadequately controlled by med-
ical management undergo extensive noninvasive evaluation
including CT, MRI, and PET scanning. A careful evaluation
of the patient’s concomitant medical problems, as well as an
understanding of the ability of anesthetic agents to promote
or suppress seizures, is important during management of these
patients. Patients may require evaluation of the seizure focus
through intraoperative mapping and electrocorticography. For
mapping procedures, awake patients are managed using mon-
itored anesthesia care. Low concentrations of propofol or
dexmedetomidine can be used for sedation during intraoper-
ative mapping; propofol usage is discontinued before mapping
starts. Alternatively, low doses of methohexital or alfentanil can
be used to activate seizure foci. Midazolam and high doses
of propofol or barbiturates should be avoided during intra-
operative mapping procedures as they may impair detection
of seizure foci. Surgical procedures used in seizure manage-
ment consist of craniotomy for placement of grid or strip elec-
trodes, left vagal nerve stimulators (patients with intractable
complex partial seizures), resection of specific seizure focus
(e.g., anterior temporal lobectomy), and interruption of seizure
circuits (e.g., corpus callosotomy). Patients are managed with
general anesthetic regimens consisting of either inhaled anes-
thetics (isoflurane, N2O/oxygen) and fentanyl, or total intra-
venous anesthetics using propofol, remifentanil, or fentanyl
and muscle relaxants. Complications (hemorrhage, neurologic
deficits) seen after surgical resections directly relate to the site
of the epileptic focus and are usually independent of the anes-
thetic technique.

Infratentorial craniotomy
Posterior fossa masses present several challenges not always
encountered with surgery for supratentorial masses. First, the

posterior fossa is an enclosed space in which the tumor bur-
den/lesion is often in direct contact with highly critical struc-
tures, leaving little or no room for error. The posterior fossa
contains the cerebellar hemispheres, upper medulla, pons,
and the lower midbrain. CN III–XII can be accessed in the
posterior fossa. The entire blood supply to neural structures
is through the vertebrobasilar system, and the foramina of
Magendie and Luschka provide outflow for CSF from the ven-
tricular system. Second, in addition to the risk for neuronal
damage, proximity to the brainstem nuclei can trigger sig-
nificant intraoperative hemodynamic instability usually mani-
fested by bradycardia due to increased vagal tone. Depending
on the assessment of the relative risk of cranial nerve dam-
age, intraoperative neurophysiologic monitoring (brainstem
auditory evoked potentials [BAEPS], somatosensory evoked
potentials [SEP], EMG) may be necessary. Third, the poste-
rior fossa cannot be easily accessed in the conventional supine
position, so surgery must be performed in an alternate posi-
tion which may require different techniques of monitoring and
positioning.

Lesions in the posterior fossa can present with a wide vari-
ety of symptoms. Elevated ICP may occur because of mass
effect or hydrocephalus secondary to obstruction of CSF flow.
Nonspecific symptoms include listlessness, headache, fatigue,
vomiting, anorexia, personality changes, dysmetria, hemipare-
sis, and cranial nerve deficits. Bulbar palsies with vocal cord
paralysis and swallowing/gag dysfunction can occur. Brainstem
involvement can cause respiratory changes including apneustic
or ataxic breathing and hyperventilation. Ultimately, herniation
will cause loss of consciousness, respiratory changes, brady-
cardia, hypertension, and death. Tumors of the posterior fossa
occur more frequently in children; 50% to 55% of all pediatric
brain tumors are infratentorial.

Positioning for craniotomy
A variety of positions are used for craniotomies based on the
location and size of the lesion. Each position has its own risks
and benefits; close attention must be paid to padding and nerve
damage must be avoided in all positions. The eyes should be
covered with waterproof protection and be free of external
pressure, and the position of the endotracheal tube should be
rechecked after final positioning because of limited access to the
airway during the procedure. In any head-up position, hypoten-
sion during anesthesia may be especially harmful for patients
with limited cerebral autoregulation, impaired cerebral per-
fusion, carotid stenosis, or previous carotid endarterectomy.
Zeroing of the transducer for arterial blood pressure requires
a different reference point in the sitting position, namely at the
highest point of the skull, as opposed to the tragus of the ear
for the supine position (see Chapter 93). Intravascular volume
depletion is also a consideration, and fluid administration prior
to induction as well as lower extremity compression stockings
may be useful.
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Lateral
This position is good for access to many lateral lesions, the
cerebellopontine angle, and the anterior and lateral foramen
magnum. Risk for VAE is low in this position, but bleeding
from the sinuses can be rapid. Disadvantages of the lateral posi-
tion also include postoperative brachial plexus and popliteal
nerve damage and careful positioning and padding should be
performed.

Prone
This position is good for access to midline lesions (especially
of the posterior fossa). Disadvantages and complications of the
prone position include difficult ventilation, limited access to the
endotracheal tube and airway, pressure necrosis, and potential
for blindness.Themechanism of blindness after surgeries in the
prone position is unclear; it may be due to retinal artery throm-
bosis. VAE is a potential problem in this position because the
head is usually elevated above the heart, but there is a lower inci-
dence as compared with sitting.

Park bench semiprone
This position is useful in emergent cases because positioning
can be done rapidly. It allows access to the cerebellar hemi-
spheres but can also be used for midline lesions.

Sitting
This position allows excellent exposure for posterior fossa surg-
eries, offers improved CSF and venous drainage, and produces
less bleeding. The risk of VAE is highest in this position,
and monitoring for air embolism is mandatory. Additional
risks include quadriplegia, especially in elderly patients with
spinal stenosis, and supratentorial hemorrhage in the subcor-
tical white matter (the exact mechanism of this complication is
unknown). Relative contraindications to the sitting position –
such as intracardiac defects, pulmonary arteriovenous malfor-
mations, and carotid stenosis – should not be overlooked. This
position has fallen out of favor with most surgeons because of
the higher risks associated with it.

Supine
This position allows distribution of the patient’s weight over
a larger area. The head is often laterally rotated and flexed,
which is not always possible with elderly patients or patients
with severe joint disease. Risks of this position include impaired
jugular venous drainage and brain edema.

Venous air embolism
In the sitting position, the head is elevated above the right
atrium, which decreases both dural sinus pressure and venous
bleeding. The sinuses are tented open by their attachments
to the dura, and. when opened, large volumes of air can be

entrained into the venous system. Hypovolemia can contribute
to the problem because a lower CVP increases the negative
pressure gradient between the head and the right side of the
heart.

Morbidity and mortality of VAE are directly related to the
amount of air entrained. The lethal dose in humans is esti-
mated to be approximately 300 cc. An air bolus may result
in an air lock in the right side of the heart, leading to right
ventricular outflow tract obstruction, decreased cardiac out-
put, acute right ventricular dilatation and failure, dysrhyth-
mias, myocardial infarction (MI), cerebral ischemia, and death.
There can also be occlusion of the pulmonary vascular bed
with resultant increases in pulmonary vascular resistance, pul-
monary arterial mean pressure, and right heart afterload. Right
ventricular failure causes the cardiac output to decrease, and
left ventricular filling is impaired by the displaced interven-
tricular septum. Ventilation–perfusion mismatch is manifested
by a falling end-tidal CO2 and a rising CO2 concentration.
Monitoring for VAE in the sitting position is strongly re-
commended.

The most sensitive noninvasive monitor for VAE is the pre-
cordial Doppler ultrasound. The probe is placed over the right
atrium, and its position is tested via injection of air, sodium
bicarbonate, or agitated saline. When a VAE occurs, a charac-
teristic “mill wheel” murmur is heard. Transesophageal echo is
the most sensitive detector of VAE, but this monitor is inva-
sive, operator dependent, cumbersome and requires contin-
ual observation. Because of its sensitivity, noninvasive nature,
and ease of interpretation, the precordial Doppler is usually
favored over the transesophageal echocardiograph. Capnogra-
phy is another useful monitor for detecting VAE and is used
in conjunction with the precordial Doppler. It is noninvasive
and sensitive, but decreases in end-tidal CO2 are nonspecific.
It is of note that a significant decrease in end-tidal CO2 often
occurs with a sudden low cardiac output event. This is caused
by decreased pulmonary blood flow and CO2 elimination dur-
ing the low cardiac output state, which can be confused with a
pulmonary air embolus.

A pulmonary artery catheter can detect the pulmonary
hypertension caused by a VAE and is more sensitive than
capnography; however, it is quite invasive, and optimal place-
ment for detection may not allow for aspiration in case of air
entrainment.

Adequate hydration and the avoidance of drugs that dilate
venous capacitance are some of the techniques that the anes-
thesiologist might use to prevent VAE. In addition, positive
end-expiratory pressure (PEEP) may increase the chance of a
paradoxic air embolus in a patient with a patent foramen ovale
(PFO). If a VAE is detected or suspected, notify the surgical
staff to have them irrigate the operative site (“flood the field”)
and apply material to occlude potential air entry sites. Treat-
ment of VAE also includes placing the patient in the head-
down position, discontinuing N2O, increasing oxygen flow, and
attempting to aspirate air via an atrial catheter. Prompt car-
diovascular support should be dictated by the clinical picture
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(increase intravenous fluid administration and start vasopres-
sors as needed). Jugular compression is also recommended to
increase cranial venous pressure and cause back bleeding rather
than air entrapment, but obstruction of CBF, dislodgement of
carotid plaques, venous engorgement leading to cerebral edema
and bradycardia are potential consequences. External cardiac
massage can disrupt a large air lock if cardiovascular collapse
has occurred. The administration of PEEP in this instance
might be beneficial in elevating the venous pressure in the head
to values greater than zero; however, the entire clinical picture
should be taken into account with regard to paradoxical air
emboli.
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Chapter

95 Cerebrovascular diseases
Grace Y. Kim

Subarachnoid hemorrhage (SAH) occurs when a cerebral blood
vessel ruptures by trauma or spontaneously.Themost common
cause of spontaneous SAH is a ruptured cerebral aneurysm.
Other causes include bleeding from arteriovenous malforma-
tion (AVM) and hypertension.

Cerebral aneurysm
Introduction
Epidemiology
The prevalence of cerebral aneurysms in the United States is
estimated at 1% to 5%. Each year 27,000 people sustain ruptured
aneurysms in this country. Ruptured aneurysms occur in mid-
dle age, between the ages of 40 and 60 years with a slight female
predominance. Rebleeding risk is high, and approximately half
of all ruptured aneurysms will rebleed in the first 6months after
the initial episode. The overall mortality rate is 25%, and more
than 50% of survivors suffer significant neurologic morbidity.
The major causes of mortality and morbidity are the direct
effects of the initial bleed, rebleeding, vasospasm, and surgi-
cal complications. Incidental findings of asymptomatic cere-
bral aneurysms are not uncommon. Unruptured aneurysms
carry a risk of bleeding at 1% to 2% per year. The management
of patients with unruptured intracranial aneurysms is contro-
versial. The current recommendation is to clip asymptomatic
aneurysms unless the size is less than 3mmor the risk of surgery
exceeds the benefit.

Risk factors
The risk factors of aneurysm ruptures include increasing size,
age, hypertension, family history, connective tissue disease
(Ehlers–Danlos syndrome and fibromuscular dysplasia), poly-
cystic kidney disease, cocaine use, pregnancy, other intracra-
nial vascular anomalies, coarctation of the aorta, smoking, and
strenuous activity.

Presentation
Ruptured aneurysms present as subarachnoid, intracere-
bral, intraventricular, or subdural hematomas. The common
symptoms are sudden onset of severe headache (i.e., “the
worst headache I’ve ever had”), altered mental status, stiff
neck, photophobia, neurologic deficits, nausea, and vomiting.

Patients with a giant aneurysm may present with a mass
effect of the aneurysm. When a patient with sentinel bleeding
develops a mild headache or subtle neurologic changes, early
diagnosis and clipping can result in a good outcome. Seizures
usually occur shortly after the rupture in up to 13% of cases
and pose an increased risk of rebleeding.

The Hunt–Hess classification is used to estimate the prog-
nosis.TheWorld Federation of Neurosurgeons’ SAH scale adds
the presence ofmotor deficits and theGlasgowComa Scale.The
important factors determining the final outcome include the
Hunt–Hess classification, age, the presence of vasospasm, and
the size and location of the aneurysm (Table 95.1).

Diagnosis
A noncontrast CT is the most sensitive imaging method. If
the CT is negative, a lumbar puncture is performed to look
for xanthochromia. A diagnostic cerebral angiogram is neces-
sary to assess the size, location, and anatomy of the aneurysm
and the presence of multiple aneurysms. Negative angiography
occurs in 10% to 20% of SAH patients and needs to be repeated.
Thrombosed aneurysmsmay not appear on the angiogram.The
amount and distribution of blood in the subarachnoid space are

Table 95.1. Hunt–Hess classification of clinical grade for SAH∗

Grade Description Mortality,%

0 Unruptured aneurysm –
I Minimal headache or slight nuchal rigidity 2
II Moderate to severe headache, nuchal

rigidity, cranial nerve palsy
5

III Drowsiness, confusion, or mild focal deficit 15–20
IV Stupor, hemiparesis, early decereberate

rigidity, and vegetative disturbance
30–40

V Deep coma, decereberate rigidity,
moribund appearance

50–80

∗Serious systemic diseases (hypertension, diabetes, coronary artery disease,
chronic pulmonary disease) and severe vasospasm seen on arteriography
place the patient in the next less favorable category.
HuntWE, Hess RM. Surgical risk as related to time of intervention in the repair
of intracranial aneurysms. J Neurosurg 1968; 28(1):14–20.
Newfield P, Bendo AA. Anestheticmanagement of intracranial aneurysms. In:
Newfield P, Cottrell JE, eds. Handbook of Neuroanesthesia. 4th ed. Philadel-
phia: Lippincott Williams & Wilkins; 2007:146.
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Table 95.2. Fisher grade

Grade

1 No blood
2 Diffuse or vertical layers less than 1 mm
3 Localized or vertical layer greater than or equal to 1 mm
4 Intracerebral or intraventricular clot with diffuse or no SAH

Fisher CM, Kistler JP, Davis JM. Relation of cerebral vasospasm to subarach-
noid hemorrhage visualized by computerized tomographic scanning. Neu-
rosurgery 1980; 6:1–9.

classified by the Fisher grading scale and are the best predictors
of vasospasm (Table 95.2).

Types of aneurysm
The blood supply to the brain is divided into anterior circula-
tion from two internal carotid arteries and posterior circula-
tion from two vertebral arteries. Anterior circulation supplies
most of the cerebrum, and posterior circulation supplies the
visual cortex, cerebellum, and brainstem. The communication
between the two systems forms the circle of Willis. Approxi-
mately 80% of cerebral aneurysms are located in the anterior
(carotid) circulation and 20% in the posterior (vertebrobasi-
lar) circulation. Anterior circulation aneurysms carry a bet-
ter prognosis compared with posterior circulation aneurysms
(Fig. 95.1).

Cerebral aneurysms are divided into three groups: saccu-
lar, fusiform, and dissecting. Saccular aneurysms are the most
common type. Fusiform aneurysms are often associated with
atherosclerosis or degenerative connective tissue disorder. A
dissecting aneurysm develops at a tear between the endothelial
and medial layers, often due to trauma. Aneurysms caused by
trauma or infection are uncommon and are usually located at

the distal vessels. An aneurysm is considered large when its size
is greater than 12 mm and giant when greater than 25 mm.

Pathophysiology
The etiology of cerebral aneurysms is structural abnormality
caused by hemodynamic factors and genetic predisposition.
Histologically, cerebral aneurysms are deficient in the middle
muscular layer and internal elastic lamina of the vascular wall.
According to La Place’s law, the tension on the wall of blood
vessels is the product of the pressure times the radius of the
chamber, and the tension is inversely related to the thickness of
the wall. Larger arteries are exposed to higher wall tension than
are smaller arteries. When a weak area in a large artery is sub-
jected to high wall tension, it forms an outpouching that gradu-
ally forms an aneurysm. As the size of the aneurysm increases,
a vicious cycle ensues where the wall compliance decreases fur-
ther whereas the tension increases, sometimes to the point of
rupture. Aneurysms usually occur at the bifurcations of major
arteries where the supporting adventitia is thin and the pulsatile
pressure is maximal. Increased blood pressure (BP) and turbu-
lent blood flow promote the aneurysm formation and rupture.
The location, size, and wall thickness of the aneurysm deter-
mine the risk of rupture.

Patients with ruptured cerebral aneurysms present with
varying clinical conditions, ranging from a mild headache to
a deep coma. Severe headache is due to a sudden increase
in intracranial pressure (ICP). Loss of consciousness occurs
when cerebral perfusion pressure (CPP) suddenly drops from
elevated regional ICP. When the ICP approaches the diastolic
BP, the cerebral blood flow (CBF) decreases dramatically and
limits further leakage of blood. Some patients regain conscious-
ness as ICP adjusts itself by a compensatory mechanism. When

Figure 95.1. The anatomy of cerebral circulation.
Adapted from Brisman JL, Song JK, Newell DW.
Cerebral aneurysms. N Engl J Med 2006; 355(9):929.
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the bleeding is extensive, many patients unfortunately continue
to have low CBF and progress to a coma.

Patients with poor clinical grades of SAH tend to demon-
strate impaired autoregulation, and their cerebral vessels are
pressure-dependent. Furthermore, they have impaired cere-
brovascular reactivity to carbon dioxide (CO2) and may not
respond to hyperventilation. This group of patients tends
to demonstrate higher incidences of vasospasm, intracranial
hypertension, and multiorgan dysfunction.

Complications
Rebleeding
The risk of rebleeding is high: 2% to 4% in the first day and 15%
to 20% by the second week. The mortality from rebleeding is
also high, 60%.There is a high risk of rebleeding during cerebral
angiography. The incidence of intraoperative aneurysm bleed-
ing is 6.7% per aneurysm; 5.3% occurring prior to dissection,
39.8% during dissection, 46% during clipping, and 8.8% post-
clipping.

The risk of rebleeding is proportional to the wall tension of
the aneurysm called the transmural pressure. It is the pressure
difference between the inside and the outside of the aneurysm
sac. The transmural pressure has the same numeric value as
the CPP, which is the difference betweenmean arterial pressure
(MAP) and ICP.

Risk of rebleeding ∝ Transmural pressure
= MAP − ICP = CPP (Eqn. 1)

Transmural pressure increases when there is a sudden
change in MAP or ICP. When autoregulation is impaired, CBF
becomes pressure-dependent, and an abrupt increase in sys-
tolic BP can promote rebleeding. Elevated ICP may protect
the aneurysm from rupture to a certain extent. For this rea-
son, ICP should not be decreased too rapidly before the dura is
open. The timing of mannitol infusion and cerebrospinal fluid
(CSF) drainage is decided carefully to avoid a sudden decrease
in ICP.

The International Cooperative Study on the Timing of
Aneurysm Surgery showed no differences in the outcome be-
tween early (0–3 days) versus late (11–14 days) surgery. The
further evaluation of the results from the North American cen-
ters, however, indicated that early surgery within 3 days of SAH
offered a good recovery in lower grade patients. Most neurosur-
geons prefer early surgery to reduce the risk of rebleeding and
to treat vasospasm effectively.

Vasospasm
Vasospasm is a leading, but potentially treatable, cause of mor-
bidity after SAH. Vasospasm occurs between days 4 and 12 with
a peak at day 6 to 7. With the general trend of early clipping,
vasospasm is a postoperative problem in most cases. Patients
in vasospasm may present with subtle mental status change or

focal neurologic deficits. Whether the neurologic condition is
reversible depends on the severity and frequency of vasospasm
and the adequacy of the collateral flow.

The diagnosis is made by clinical examinations and con-
firmed by an angiography. Angiographically detected va-
sospasm is not always correlated with clinical vasospasm.
Angiographic vasospasm occurs in 70% of patients, and symp-
tomatic vasospasm occurs in 30%. A greater than 50% decrease
in the diameter of an artery on an angiography is considered
severe vasospasm. Vasospasm can occur in the vessels near the
ruptured aneurysm as well as in distant vessels. Transcranial
Doppler has been used to diagnose vasospasm and to con-
tinuously monitor the efficacy of treatment. Flow velocity is
expected to decrease as vasospasm improves.

Several vasoactivemediators have been suggested as a cause,
particularly the breakdown product of hemoglobin, oxyhe-
moglobin. Intracranial blood can promote free radicals by using
iron in hemoglobin and activate cascade reactions involving
vasoactive substances leading to the vasoconstriction of cere-
bral arteries.

Themain strategies for the treatment of vasospasm are early
removal of blood clots, triple H therapy (hypertension, hyperv-
olemia, hemodilution), and use of nimodipine. The benefit of
triple H therapy is not scientifically proven, yet a good out-
come has been reported in some clinical studies. The ratio-
nale for triple H therapy is to increase CPP and CBF in the
ischemic area through the collateral circulation. Some believe
that improving cardiac output is more beneficial than increas-
ing MAP. Triple H therapy has many complications such as
pulmonary edema, myocardial ischemia, electrolyte imbal-
ance, cerebral edema, and catheter infection. For patients with
neurogenic stunned myocardium, triple H therapy is guided
by invasive hemodynamic monitoring to avoid heart failure
(Table 95.3).

Hemodynamic management during vasospasm depends on
whether the aneurysm has been clipped. If the aneurysm has
been clipped, BP is raised to 160 to 200mmHg. If the aneurysm
has not been clipped, BP is maintained below 120 to 150 mm
Hg. Vasopressors such as phenylephrine or dopamine are used
to titrate the BP. Intravascular volume expansion is achieved
with central venous pressure (CVP) of 10 to 12 mm Hg or pul-
monary capillary wedge pressure (PCWP) of 12 to 18 mm Hg.
During ischemia, blood viscosity increases secondary to the
low flow state. Improved viscosity from hemodilution improves
CBF. The hematocrit of 30% to 35% offers the optimum bal-
ance between viscosity and oxygen-carrying capacity. If the
patient develops vasospasm prior to surgery, maintenance of
adequate CPP is critical, and deliberate hypotension is avoided
intraoperatively.

Prophylactic use of nimodipine improves the outcome after
SAH, even though there is no evidence suggesting that it
prevents vasospasm. The mechanism may involve dilation of
collateral circulation as well as prevention of calcium influx.
Nicardipine decreases cerebral vasospasm, but there was no
difference in the neurologic outcome at three months. For
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Table 95.3. Treatment of vasospasm

Surgical Clot removal, early clipping
Hemodynamic Hypertension, hypervolemia, hemodilution
Pharmacologic Nimodipine, nicardipine
Endovascular Intra-arterial verapamil/papaverine, angioplasty

severe vasospasm, intra-arterial injection of verapamil or
papaverine relaxes the vessel wall. The effect of papaverine is
short-lived, requiring multiple procedures, and is known to be
neurotoxic. Refractory vasospasm is treated by transluminal
balloon angioplasty, which offers long-lasting effects but carries
serious potential complications such as rupture, thrombosis,
and dissection of the vessel or displacement of the clip. Stel-
late ganglion block decreases cerebral vascular tone without
affecting chemoreceptor function or autoregulation.. Arterial
flow velocities and zero flow pressure decrease, but CO2 reac-
tivity is maintained. These responses to stellate ganglion block
could represent a therapeutic advantage in treating cerebral
vasospasms in the future.

Intracranial hypertension
Mild intracranial hypertension is common, and for most
patients ICP returns to normal. Acute obstructive hydro-
cephalus occurs in up to 20%of patients and is commonly due to
intraventricular blood clots causing mechanical obstruction of
CSF flow.Other causes include themass effect of intraparenchy-
mal hematoma and ischemic changes from vasospasm. Cere-
bral vasospasm, when not treated promptly, increases ICP
further and exacerbates cerebral edema. Vasospasm can also
cause vasodilation in the distal vessels and increase the cere-
bral blood volume. A comatose patient with dilated ventri-
cles mandates emergency ventriculostomy placement. Because
of a risk of herniation, lumbar drain is contraindicated in
patients with intracerebral hematoma, however.Hydrocephalus
usually presents as a delayed complication from obliteration
of arachnoid granulations, the site at which CSF is resorbed
(Table 95.4).

In general, the patientwith intracranial hypertension arrives
in the operating room with an ICP monitor which allows mea-
surement of ICP as well as CSF drainage. Hyperventilation
effectively lowers ICP and is used as a temporary measure
in an acute setting of intracranial hypertension. Its vaso-
constrictive effect dissipates within 12 hours. One important
caveat is that an acute decrease in ICP, either by hyperventila-
tion or CSF drainage, increases transmural pressure and risks
rebleeding.

Table 95.4. Causes of intracranial hypertension after SAH

CSF obstruction
Mass effect from hematoma
Cerebral edema secondary to ischemia
Loss of autoregulation

Treatment
All ruptured aneurysms require either surgical clipping or
endovascular coiling. The decision of clipping versus coiling
depends on the anatomyof the aneurysm, neurologic condition,
and comorbidity. According to the International Subarachnoid
Aneurysm Trial (ISAT), clipping offers a lifetime treatment
of aneurysm at a slightly higher risk of neurologic morbid-
ity. Endovascular treatment is a preferable treatment modality
for basilar artery aneurysms and for patients with poor Hunt–
Hess grades or significant comorbidities. The drawback of an
endovascular approach is a higher incidence of incomplete
obliteration, recanalization, and rebleeding. New techniques
using stent-assisted coils, bioactive coils, and coils of complex
shapes are under investigation.

Anesthetic management
Preoperative consideration
Patientswith poor clinical grades frequently presentwithmulti-
organ dysfunction. Cardiac, pulmonary, and renal systems are
commonly affected by the high sympathetic discharge associ-
ated with SAH. A thorough assessment of underlying medical
conditions (see Table 95.5) and new SAH-related conditions are
important in determining the optimumCPP range, the safety of
transient hypotension, osmotherapy, and fluid status. The tim-
ing of rupture should be noted to assess the perioperative risk
of vasospasm.

TheCTand cerebral angiogram should be reviewed to assess
the size and location of the aneurysm, enlargement of ventri-
cles, and the presence of multiple aneurysms. The overall sur-
gical plan, need for cerebral protection, and positioning are
discussed with the surgeon prior to surgery.

Table 95.5. Preoperative evaluation of patients with SAH

History Onset of bleeding, loss of consciousness, seizure,
comorbidity

Medications Calcium channel blockers, BP medications, seizure
medications, osmotherapy

Vital signs Baseline BP, oxygenation, urine output, central
venous pressure, intracranial pressure

PE Heart and lung, IV access, invasive catheters, ICP
monitor

Neurology Hunt–Hess classification, neurologic deficits
Laboratory tests Check complete blood count (CBC) and

prothrombin time/partial thromboplastin time
(PT/PTT), treat coagulopathy, treat electrolyte
abnormality, check the baseline renal function, note
serum osmolality, treat hyperglycemia, check
troponin level

Blood Type and cross-match four units, plasma or
platelets if needed

Chest radiograph Rule out pulmonary edema or aspiration
pneumonia, check the placement of the central line

EKG Note preoperative EKG changes, arrhythmia
CT Ventricle size, cerebral edema, Fisher grading
Angiogram Size and anatomy of aneurysm, presence of

multiple aneurysms
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Neurologic evaluation
The presence of intracranial hypertension should be noted.
Without knowing ICP, the true CPP remains unknown. Even
when the patient does not have an ICPmonitor, ICP can be esti-
mated by a clinical examination. It is important to document the
admission neurologic condition such as mental status, motor
deficits, and visual field changes. Seizure medications need to
be at a therapeutic level.

Pulmonary evaluation
Neurogenic pulmonary edema (NPE) develops in 1% to 2%
of patients with SAH and can be potentially life-threatening.
The pathophysiology of NPE is not well known. Pulmonary
edema is more common in poor-clinical-grade patients. It is
believed that intracranial hypertension stimulates the sym-
pathetic system, and the release of catecholamines from the
hypothalamus and medulla appears to be a contributing factor.
Elevated pulmonary hydrostatic pressure, leaky membranes,
or both have been suggested as an etiology. The patient with
NPE presents with dyspnea and hypoxemia. Hypoxemia is
due to intrapulmonary shunting and manifests as a wide A-a
gradient refractory to oxygen therapy. Hypoxemia dramati-
cally increases CBF and should be corrected immediately. High
positive end-expiratory pressure (PEEP), despite a potential
detrimental effect on ICP, is recommended to treat hypoxemia
whenever necessary. Elevation of ICP from PEEP is more likely
due to hypercapnia from an increase in dead space ventilation
than to venous outflowobstruction.Unless PEEP is greater than
10 to 12, it is unlikely to increase ICP.As ICP is normalized,NPE
resolves in time.

Other differential diagnoses of respiratory failure include
aspiration pneumonia. Altered mental status places SAH
patients at a high risk of aspiration. The clinical presentation
and chest radiograph from aspiration pneumonia may be sim-
ilar to those of NPE. Pulmonary edema may develop during
tripleH therapy fromoverzealous hydration. Patients with SAH
are at a moderate risk of developing thromboembolism and
may develop pulmonary embolism. Nosocomial pneumonia is
another possibility for ventilator-dependent patients.

Cardiac evaluation
Cardiac dysfunction is well-described in patients with a variety
of acute intracranial pathology but particularly with aneurys-
mal SAH. Overactivity of the sympathetic system and an
increased level of norepinephrine appear to cause demand
ischemia or direct tissue damage. It is postulated that exces-
sive catecholamine release “stuns” the myocardium, causing
a reversible wall motion abnormality, usually beyond sin-
gle coronary vessel territories, which normalizes over time.
Severe SAH-induced ejection fraction reduction with large
areas of akinetic myocardium coupled with only mild tro-
ponin elevations is typical and sets it apart from concomitant
acute coronary syndrome. There might be significant overlap
with NPE.

More than half of patients show abnormal electrocardio-
gram (EKG) findings such as ST/T wave changes and prolonged
Q-T intervals. EKG changesmay be indistinguishable from true
myocardial ischemia. EKG abnormalities are correlated with
the severity of the neurologic injury, but are not considered an
independent predictor of outcome. In contrast, troponin ele-
vation is a good predictor of left ventricular dysfunction and
peaks immediately following the SAH. Brain natriuretic pep-
tide (BNP) correlates well with regional wall motion abnormal-
ities as well but also reflects the severity of diastolic dysfunction,
reduced ejection fraction, and pulmonary edema. Arrhythmias
are present in more than 90% of patients with SAH. Frequent
premature ventricular contractions (PVCs) are the most com-
mon types of arrhythmia. Atrial flutter, atrial fibrillation, and
ventricular arrhythmias are also associated with SAH. Pro-
longed Q-T increases the incidence of ventricular arrhythmias.

If the patient has an abnormal EKG or elevated troponin, no
further workup is necessary unless the patient develops hemo-
dynamic instability or has multiple cardiac risk factors. EKG
changes do not affect the surgical outcome and usually nor-
malize within 10 days. For hemodynamically unstable patients,
however, cardiac echocardiogram or pulmonary artery catheter
placement is considered.The risk of cardiac catheterization and
intervention is too high for patients with unclipped aneurysms
(Fig. 95.2).

Electrolyte evaluation
A variety of electrolyte abnormalities are common secondary to
hypothalamic dysfunction when SAH occurs near the circle of
Willis. The most common abnormality is hyponatremia. Other
electrolyte abnormalities include hypokalemia, hypocalcemia,
and hypomagnesemia and should be corrected promptly.

Hyponatremia is due to either cerebral salt wasting (CSW)
or inappropriate secretion of antidiuretic hormone (SIADH).
CSW is a more common cause of hyponatremia in SAH
patients and is characterized by volume contraction and neg-
ative sodium balance. The etiology of CSW is presumed to be
due to atrial natriuretic factor (ANF) or brain natriuretic pep-
tide (BNP). In both cases, the urine osmolality is greater than
the serum osmolality, and the urine sodium is greater than
20 mEq/L. The major difference between CSW and SIADH is
volume status. A central venous catheter is useful in identify-
ing patients with volume depletion. If hyponatremia is present
during the vasospasmperiod, the distinction between these two
conditions is critical. The treatment goal is the same, however:
euvolemia and correction of hyponatremia with isotonic fluids.
The rate of correction should not exceed 0.5 to 1 mEq/L/h to
avoid central pontine myelinolysis.

Central diabetes insipidus (DI) is associated with hypotha-
lamic or pituitary dysfunction secondary to hematoma or a
mass in the sellar area.The diagnosis ismade by hypernatremia,
copious urine output, dilute urine, and hypovolemia. Treat-
ment requires replacement of free water loss with hypotonic
saline such as half normal saline until euvolemia is maintained.
Refractory DI requires treatment with desmopressin.
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Acute SAH

Hypotension, pulmonary
edema, or acute ischemic

changes on ECG?

Symmetric T-wave inversion
or severe QTc prolongation

on ECG?

No Yes

Proceed with early surgery
and standard management

Invasive hemodynamic
monitoring for surgery

and/or volume expansion

Perform echocardiogram

Wall motion abnormal?

•Perform daily ECGs
•Measure CK-MB

•Echocardiogram
•Invasive hemodynamic monitoring
•Consider deferred surgery

No Yes

Yes

Figure 95.2. Algorithm for the detection of left
ventricular dysfunction after SAH. Adapted from
McKhann GM II, Mayer SA, Le Roux PD. Perioperative
and intensive care of patients with aneurysmal
subarachnoid hemorrhage. In Le Roux PD, Winn
HR, Newell DW, eds. Management of Cerebral
Aneurysms. Philadelphia: Saunders; 2004:431–454.

Premedication
Anxious patients with hypertension are sedated in a well-
monitored setting. Patients with increased ICP, however, should
not be sedated. Hypercapnia caused by respiratory depression
is a potent stimulus for cerebral vasodilation and may increase
ICP further. For example, a PaCO2 of 60 mmHg increases CBF
by 50%.

Monitoring
In addition to American Society of Anesthesiologists (ASA)
standard monitoring, an arterial catheter is indicated prior
to induction for a ruptured aneurysm. For an unruptured
aneurysm, it can be placed after induction as long as the BP is
closely monitored. When an ICP monitor is available, an arte-
rial catheter is zeroed at the level of the foramen magnum,
approximately at the level of the circle ofWillis. A baseline EKG

should be recorded as reference. A CVP catheter is desirable for
patients who are at high risk of vasospasm or have underlying
cardiovascular conditions. Trendelenburg position during CVP
catheter placement should be limited to less than 10% tilt to
avoid an increase in ICP.

Neurophysiologic monitors are useful in assessing the ade-
quacy of cerebral perfusion as well as regional ischemia.
Commonly used neurophysiologic monitoring devices include
electroencephalogram (EEG), somatosensory evoked potential
(SSEP), and brainstem auditory evoked potential (BAEP). The
choice of neurophysiologic monitoring is based on the vulner-
able vascular territory. EEG monitors cortical activity. SSEP
assesses sensory conduction to the cortex and is used for ante-
rior and posterior circulation aneurysms. BAEP monitors the
auditory pathway through the brainstem and is reserved for
posterior circulation aneurysms. Neurophysiologic monitoring
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Table 95.6. Cerebral monitoring

Cerebral function EEG
SSEP
BAEP

Cerebral blood flow Jugular bulb catheter
Transcranial Doppler

guides the safe duration of temporary clip placement and the
adequacy of BP. When cerebral ischemia is suspected, the sur-
geonmay need to reposition the temporary clips, consider tem-
porary reperfusion, or institute the cerebral protective strategy.
Despite high false-positive and -negative predictive rates, SSEP
and BAEP are the only cortical neurophysiologic monitoring
modalities available during burst suppression. The monitoring
of CBF with a jugular bulb catheter or transcranial Doppler is
less common (Table 95.6).

Induction
The goal of induction is to keep the transmural pressure of the
aneurysm at baseline, usually in the range of 60 to 80 mmHg.
The risk of rebleeding from hypertension needs to be weighed
against the risk of ischemia from hypotension. For patients in
vasospasm, the BP is maintained slightly higher than baseline.
The attempt to control ICP should not be too vigorous until the
dura is open.

Any technique thatmeets the anesthetic goals is appropriate.
A combination of thiopental or propofol, a generous amount
of narcotics, and long-acting muscle relaxants is a commonly
used technique. Fentanyl at 3 to 5 µg/kg, or sufentanil at 0.4
to 0.6 µg/kg or remifentanil at 0.5 to 1.0 µg/kg are typical
doses for induction. Prior to intubation, BP is kept 20% below
the baseline to prevent the usual increase in BP with intuba-
tion. Esmolol, lidocaine, remifentanil, or an additional dose of
thiopental or propofol all effectively blunt the hemodynamic
response to laryngoscopy. Propofol does not offer much advan-
tage due to the long duration of the surgery and the additional
doses of thiopental that may be used during temporary clip-
ping. Patients who arrive in the operating room with nicardip-
ine infusions tend to develop hypotension upon induction.

Most anesthetics affect cerebral vasculature and change
cerebral blood volume. When the compliance of the brain is
poor, even a small degree of vasodilation or vasoconstriction
has a dramatic impact on ICP. In that situation, the use of intra-
venous (IV) anesthetics is desirable. The advantage of total IV
anesthesia (TIVA) techniques is a reduction in both CBF and
cerebralmetabolic rate (CMR). If ICP is severely elevated, TIVA
with propofol and remifentanil is a good choice as long as CPP
is maintained. When volatile anesthetics are used, the cerebral
vasodilatory effect is counterbalanced by the simultaneous cere-
bral vasoconstrictive effect secondary to the decrease in CMR.
In fact, CBF remains almost unchanged at 1 minimum alveolar
concentration (MAC).

The use of succinylcholine is recommended if the patient
has a potentially difficult airway. The transient increase in ICP

with succinylcholine is partly due to muscle fasciculation and
is blunted by pretreatment with a small dose of nondepolar-
izing agent. If the patient has signs of impending herniation,
rocuronium or mivacurium is an alternative. Laryngoscopy is
performed when the patient is fully paralyzed. Coughing and
bucking may dramatically increase the ICP. Tapes around the
head cannot be used to secure the endotracheal tube for poste-
rior fossa craniotomy. Good venous drainage is checked when
the head is positioned. Considering the long duration of the
surgery, all pressure points should be carefully padded.

Rebleeding during induction is a disaster. The surgical and
nonsurgical stimulation in neurosurgery is highly predictable.
Rebleeding occurs most frequently during laryngoscopy, pin-
ning of the head holder, positioning, incision, raising of the
bone flap, dural opening, dissection, and clipping. Avoiding an
abrupt change in transmural pressure and providing a relaxed
brain combined with careful planning of local blood flow may
reduce the risk of rebleeding.

If the patient has an ICP monitor in place, it should be
observed continuously until the dura is open. Hyperventila-
tion decreases ICP effectively; however, it is not without risk.
Hypocarbia increases the risk of ischemia by vasoconstriction,
and PaCO2 should never be dropped below 25mmHg. Another
effective way of controlling ICP is CSF drainage. Accidental
drainage of CSF is avoided because it may cause rebleeding or
subdural hematoma.

Maintenance
The goal during the maintenance phase is to maintain ade-
quate CPP, provide a “slack brain,” offer cerebral protection
if necessary, and, most importantly, be prepared for compli-
cations. An inhalational agent under 1 MAC with an infu-
sion of fentanyl/sufentanil/remifentanil is commonly used. An
opioid infusion provides stable hemodynamics and reduces
the use of inhalational agents. The cerebral effects of differ-
ent volatile agents are similar. The use of nitrous oxide (N2O)
remains controversial. N2O increases CBF and ICP. Its vasodila-
tory effect is more pronounced when used with isoflurane in
humans. It also increases CMR unlike other volatile agents.
If N2O is used simultaneously with IV anesthetics, however,
the increase in CBF and CMR is attenuated. Animal studies
have shown that N2O may increase the risk of cerebral infarc-
tion in focal ischemia. For the above reasons, when the patient
has a “tight brain” or is at a risk of focal ischemia, N2O is
often omitted.

The brain is unique in that there is little pain perception in
the brain parenchyma. This observation is easily made during
awake craniotomy. From skin incision to dural opening, how-
ever, the surgery is intensely stimulating and adequate amounts
of narcotics are needed. Fortunately, the amount of narcotics
given during this early period seems to make little difference in
the quality of wake-up. After the dura is open, surgical stimula-
tion becomes minimal and the narcotic infusion can be min-
imized. For closure, β-blockers, lidocaine, and remifentanil
effectively blunt the hemodynamic response to stimulation and
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offer a rapidwake-up.During a posterior fossa craniotomy, sud-
den changes in BP and heart rate should be watched for when
the brainstem or cranial nerves are retracted.

In general, carbon dioxide (CO2) is maintained in the low
end of the normal range. If ICP is elevated, mild hyperventila-
tion is used tomaintainPaCO2 between 30 and 35mmHg.After
the dura is open, ICP is no longer an issue because it becomes
0 mm Hg. At this point, MAP is equal to CPP. The surgeon
may still request mild hyperventilation even after the dura is
open. The indication for hyperventilation in that setting is for
brain relaxation, not for ICP control. Excessive retraction pres-
sure caused by a “tight brain” can cause brain ischemia. A “slack
brain” is provided by mild hyperventilation, osmotic diuresis,
optimal head positioning, lowering inhalational agent use, and
CSF drainage. Hyperventilation should be discontinued as soon
as brain relaxation is satisfactory and should not be used during
temporary occlusion or vasospasm (Table 95.7).

Hypovolemia is prevalent in 36% to 100% of SAH patients,
and the severity of hypovolemia is correlated with the clinical
grade. Aneurysm surgery frequently requires diuresis and vol-
ume expansion. In a brain with an intact blood–brain barrier
(BBB), the plasma osmolality from small ions determines the
movement of water.The contribution of oncotic pressure to the
total plasma osmolality is negligible, and colloid solution has no
additional benefit over crystalloid.Thefluid of choice is isotonic
crystalloid without glucose. Blood sugar is often elevated from
the use of dexamethasone and should bemaintained at less than
150 mg/dl with an insulin infusion.

Osmotherapy reduces the bulk of the brain by removing
interstitial fluid. Mannitol is usually given after the dura is open
because the sudden drop in ICP can potentially cause rebleed-
ing. It is important to keep the patient in a euvolemic state
whenever mannitol is used. Mannitol becomes less effective if
the patient is dehydrated or if the serum osmolality is greater
than 320 mOsm/L. In addition, mannitol causes vasodilation
and transiently increases intravascular volume. The usual dose
is 0.25 to 1.0 g/kg. For those patients with low ejection fraction
or renal failure, a smaller dose should be considered. The onset
time is 10 to 15 minutes, and the duration is approximately
2 hours. Mannitol is effective only when the BBB is intact.
When the BBB is disrupted, mannitol leaks into the intersti-
tial space and increases the brain water content. Furosemide
decreases CSF production and has a synergistic effect withman-
nitol.The effect of mannitol should be assessed by the improve-
ment of brain relaxation rather than the urine output. Exces-
sive brain relaxation can cause subdural hematoma by tethering
bridging veins.

The most serious intraoperative complication during the
final stage of dissection by the surgeon is hemorrhage. The
incidence of intraoperative rebleeding is 10.7% for ruptured
aneurysms and 1.2% for unruptured aneurysms. A transient
reduction in MAP to 50 mmHg assists the surgeon in visu-
alizing the field and gaining control over bleeding. If the dis-
section is near complete, the surgeon may be able to apply
temporary clips to the feeding vessel or quickly place a

Table 95.7. Brain relaxation

CSF drainage through lumbar drain or ventriculostomy
Osmotherapy with mannitol and furosemide
Mild hyperventilation
Elevation of head
Metabolic suppression
Adequate venous drainage
Hypothermia
Avoidance of hypertension

permanent clip on the aneurysm. In some situations, the uni-
lateral carotid artery is manually compressed if the aneurysm
is located in the anterior circulation. Acute hypotension from
hemorrhage or induced hypotension can cause brain ischemia.
It is important to restore intravascular volume aggressively
whenever hypotensive techniques are used. As soon as the
bleeding is under control, BP is increased to the normal range.
Communication with the surgeon and vigilant observation of
the surgical field through a video monitor is critically impor-
tant.

If the surgeon decides to use temporary clips, cerebral pro-
tection strategies are instituted. The risk of neurologic injury
depends on the ischemic time, adequacy of collateral circu-
lation, and cerebral protection strategy. The most commonly
used methods are burst suppression, mild hypothermia, and
induced hypertension. The frequency and dose of thiopental
are titrated based on the EEG monitor. Burst suppression is
stopped when the permanent clips are placed. During tempo-
rary clipping, the BP is increased to greater than 20% to 30%
above the baseline using phenylephrine. Normocapnia is main-
tained over this period. The efficacy of induced hypertension
is improved when the intravascular volume is restored. The
transient change in SSEP during temporary clipping is often
reversed by induced hypertension. The patient is often allowed
to be mildly hypothermic, although a recent study demon-
strated that intraoperative mild hypothermia failed to show
improved neurologic outcome in “good-grade” patients after
SAH.

Blood pressure control
Aneurysm surgery involves meticulous BP control. A history
of long-standing hypertension, carotid disease, and renal insuf-
ficiency may increase the risk of intraoperative hypotension.
In systemic circulation, the activity of the autonomic nervous
system plays an important role, but in cerebral circulation,
the effect of the autonomic nervous system is less significant.
Hypotensive techniques are rarely used with the advances in
microsurgical techniques and are used only when the aneurysm
is ruptured inadvertently or when bleeding occurs during dis-
section. When temporary clips are used, BP is increased to
improve perfusion in the watershed area through the collateral
circulation.

Phenylephrine is the most commonly used drug to increase
BP. In the event of hypertensive overshoot after the admin-
istration of a vasopressor, vasodilators should be used with
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Table 95.8. Common pharmacologic therapy for BP control

Hypotensive agents Dosage Action Advantages/disadvantages

Phenylephrine 0.25–1 µg/kg/min α-agonist Rapid onset/offset, reflex bradycardia
Nitroprusside 0.5–10 µg/kg/min NO-mediated arterial � venous,

vasodilation
Rapid onset/offset, cyanide toxicity, ICP elevation,
rebound hypertension, pulmonary shunting, unsafe in
pregnancy, should be protected from light

Nitroglycerin 1–10 µg/kg/min NO-mediated venous vasodilation Rapid onset/offset, ICP elevation, rebound
hypertension, pulmonary shunting

Esmolol 50–200 µg/kg/min Selective β1-blockade Rapid onset/offset, no effect on cerebral vasculature
Labetalol 0.5–2 mg/min total 300 mg α1-, β1-, and β2-blockade Long acting, no effect on cerebral vasculature,

bronchospasm, cardiac depression
Nicardipine 5 mg/h, max 15 mg/h Coronary and peripheral

vasodilatation
Slow offset, minimal cardiac depression, reflex
tachycardia less common

Volatile agents Titrate between 0.5 and 1.0 MAC Vasodilatation, myocardial
depression

Increase ICP, cerebral edema

NO, nitric oxide.
Modified from Barash PG, Cullen B, Stoelting R, eds. Clinical Anesthesia, 5th ed. Philadelphia: Lippincott Williams & Wilkins, 2006:781.

caution in patients with intracranial hypertension. Nitroprus-
side and nitroglycerin offer the best BP control. When nitro-
prusside is abruptly discontinued, rebound hypertension may
occur and the anesthesiologist must be prepared to manage it.
Nitroglycerin may be used for patients with coronary artery
disease or pregnancy, although it does cause an increase in cere-
bral blood volume and a concomitant increase in CSF pres-
sure. The advantage of β-blockade in the management of acute
hypertension is its lack of vasodilation, the ease of use, and the
rapid reduction in heart rate and myocardial contractility. This
is especially true for short-acting β-blockers such as esmolol,
which has a rapid onset and a very brief duration of action.
The use of longer acting β-blockers is postponed until blood
loss is unlikely. If the patient has left ventricular dysfunction
or is treated with triple H therapy, however, β-blockers should
be used with caution. Nicardipine is a good alternative when
β-blockers are contraindicated (Table 95.8).

Emergence
When the permanent clips are safely placed and the threat
of bleeding or rupture is over, a plan for emergence is made.
The important factors in considering the need for postoper-
ative intubation are preoperative neurologic condition, intra-
operative events such as rupture and hemorrhage, amount of
thiopental used during burst suppression, body temperature,
total amount of narcotic used, and the possibility of intraopera-
tive ischemic events. For patientswith basilar aneurysms, brain-
stem function needs to be assessed prior to extubation.

The goal for emergence is timely wake-up without BP
swings. The patient should be awake enough to allow adequate
neurologic evaluation. BP is kept within 20% of the baseline,
usually less than 140 mmHg systolic. N2O is discontinued
when the dura is closed to avoid pneumocephalus. Delayed
awakening increases the possibility of intraoperative ischemia,
hematoma, pneumocephalus, residual hypothermia, and elec-
trolyte abnormality.

The goal for fluid status is euvolemia or slight hyper-
volemia. Postoperative hypertension is avoided to prevent cere-
bral edema or bleeding. β-blockers are effective in attenuating
the high sympathetic tone. Although mild hypertension is not
of great concern when the aneurysm is clipped, the incidence
of multiple aneurysms is high, and hypertension needs to be
treated promptly. During transport, the patient needs to be fully
monitored. Delayed respiratory depression causes hypercapnea
leading to high ICP and hypertension.

Surgical considerations
Controlling blood flow into the aneurysm is essential for safe
clipping. The common strategies are placement of temporary
clips, circulatory arrest, and revascularization.

Temporary clips
When the aneurysm is large, has complex shapes and branches,
has a fragile wall, or is present in an area where dissection is
difficult, the local blood flow is controlled first. Temporary clip
placement avoids the systemic effects of deliberate hypoten-
sion and makes the final dissection less risky. It also allows the
removal of the thrombus inside and decompression of a giant
aneurysm. Temporary clips are placed on the feeding artery
or on each side to trap the aneurysm. The disadvantage is the
risk of cerebral ischemia, especially when perforators come off
the trapped vessel. If the ischemic time is prolonged, intermit-
tent occlusion is an option. The intermittent reperfusion tech-
nique is controversial because it may reduce the ischemic injury
but increase the reperfusion injury. An ischemic time of 15 to
20 minutes is considered safe (Fig. 95.3).

Circulatory arrest
When the risk of cerebral ischemia is too high, aneurysms are
clipped under circulatory arrest. This technique is reserved for
giant aneurysms and basilar tip aneurysms.Thepatient requires
cardiopulmonary bypass or complete circulatory arrest with
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Figure 95.3. Temporary clips. Adapted from Ellegala DB, Day AL. Ruptured
cerebral aneurysms. N Engl J Med 2005; 352(2):122.

profound hypothermia (�22◦C). The patient is prepped for
femoral–femoral bypass or open chest bypass. The femoral–
femoral bypass with low flow is most commonly used and has
lowermorbidity.The decision to proceedwith circulatory arrest
is made after the aneurysm and the nearby perforators are dis-
sected. The circulatory arrest time should be kept to less than
60 minutes.

Revascularization
Revascularization is used when the parent vessel needs to be
sacrificed to obliterate the aneurysm. Revascularization anas-
tomosis using an extracranial artery, high flow vein, or adjacent
intracranial artery has been used.

Endovascular aneurysm coiling
Interventional neuroradiology has been revolutionized in the
past decade and allows treatment of complex neurovascu-
lar diseases through peripheral access. Common procedures
include diagnostic angiography, coiling of ruptured aneurysm,

embolization of AVM, balloon angioplasty, and stenting. The
procedure involves placement of a large introducer sheath by a
transfemoral artery approach. A guiding catheter is advanced
into the carotid or vertebral artery. At that point, a super-
selective microcatheter is introduced over a guide wire, with
the guidance of road mapping, into the cerebral circula-
tion. Detachable platinum coils of different sizes are advanced
through the microcatheter to the aneurysm, and coils are
deployed by electrothrombosis. The aneurysm sac is gradu-
ally packed with smaller coils until it is completely obliterated
(Fig. 95.4).

There is a significant overlap in anesthetic management
between clipping and coiling. Diagnostic cerebral angiography
is usually done while the patient is awake. Dexmedetomidine
is a good choice for sedation because it maintains respiratory
drive. General anesthesia with paralysis is used for other proce-
dures. The depth of anesthesia required for endovascular pro-
cedures is much less than that for open surgery. The special
considerations for endovascular coiling are immobility, antico-
agulation, allergy to contrast or protamine, and, most impor-
tantly, management of complications. If there is difficulty with
an arterial catheter for invasive arterial BP monitoring, the side
port of the femoral sheath can be used, but it may underesti-
mate the systolic BP and overestimate the diastolic BP due to the
coaxial catheter inside. All IV catheters should have extensions
for easy access.N2O is avoided because of potential enlargement
of air bubbles in the microcatheter.

Anticoagulation with heparin is necessary for all neurovas-
cular procedures because a blood clot on a catheter may cause
an embolic event.The goal for heparinization is activated coag-
ulation time (ACT) of greater than 250 seconds.The commonly
used contrast is nonionic with high osmolality.The incidence of
mild reactions with nonionic contrast has decreased, yet life-
threatening reactions continue to occur. The risk factors for
contrast nephropathy include use of a large amount of contrast,
dehydration, concomitant use of other nephrotoxic drugs, and
preexisting renal insufficiency. A large amount of fluid from
flushing through the catheter needs to be counted as additional
fluid intake.

Catastrophic complications may occur during the proce-
dure. The incidence of rupture during coiling is 1.4% to 2.7%,
with mortality exceeding 30%. If the aneurysm ruptures, BP
should bemaintained at the baseline and additional help should
be summoned emergently. Rapid correction of anticoagulation
is necessary to minimize hemorrhagic complications, whereas
mild hypertension with possible thrombolysis is necessary for
occlusive complications. Other serious complications are inti-
mal dissection, perforation, and parent vessel thrombosis.

The endovascular approach to treating cerebral aneurysms
has become a superior option for selective patient groups and
is widely used at present. The technique presents many new
challenges to anesthesiologists working in a remote location.
Because the microsurgical and endovascular approaches have
their advantages and disadvantages, it is likely that both tech-
niques will remain as important treatment options. It is critical
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Figure 95.4. Endovascular aneurysm coiling. Adapted from Brisman JL, Song JK, Newell DW. Cerebral aneurysms. N Engl J Med 2006; 355(9):928–939.

for anesthesiologists to be familiar with the management of
intracranial aneurysms in both settings.

Arteriovenousmalformation
Introduction
AVM is a tangle of blood vessels consisting of arteries and
veins, but without capillaries (Fig. 95.5). AVM is caused by a
congenital vascular anomaly and tends to grow in size over
time.Most AVMs become symptomatic and will bleed with age.
Patients with AVM usually present with hemorrhage, seizure,
and chronic cerebral ischemia. AVM hemorrhages are usually

Figure 95.5. Arteriovenous malformations of the brain.

intracerebral, but are occasionally subarachnoid and intraven-
tricular. The most common cause of SAH in children is AVM.
An infant with the vein of Galen AVM may present as hav-
ing congestive heart failure and hydrocephalus. AVM occurs in
younger patients between ages 20 and 50, and, as a result, the
lifetime risk of morbidity and mortality remains high without
surgical resection.

The initial workup of choice is a noncontrast CT to detect
acute hemorrhage followed by an angiography to evaluate the
anatomy of AVM, associated aneurysms, and the pattern of
venous outflow.

The risk of rebleeding is slightly higher during the first year.
It is reported as 6% to 20% in the first year then 2% to 4% per
year thereafter, with overall mortality of 1% per year. Mortality
from the initial bleeding is as high as 30%. The risk factors for
hemorrhage are previous hemorrhage, deep venous drainage,
deep location, intranidal or multiple aneurysms, small size, and
high perfusion pressure in the feeding artery or draining vein.
In contrast to a ruptured cerebral aneurysm, AVM bleeding
rarely causes vasospasm. The recent advances in embolization
techniques allow complete obliteration of AVMs even in areas
that are surgically difficult to access.

Pathophysiology
AVM is a low-resistance vascular system. Blood is preferentially
shunted toward the AVM bed, the pathway of least resistance.
The risk of rebleeding is lower than that of cerebral aneurysm
because the perfusion pressure in the feeding arteries is only
45% to 70% of the systemic BP. In contrast, the venous system is
exposed to higher pressure. As a result, both the feeding and the
draining vessels become dilated over time. The feeding arteries
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gradually develop medial hypertrophy, and aneurysms develop
frequently on the feeding arteries in 10% of the patients. When
the AVM is large, the low vascular resistance can even lead to
high-output cardiac failure. A smaller AVM has higher perfu-
sion pressure and is associated with a higher incidence of hem-
orrhage compared with a larger AVM.

High blood flow into AVM steals blood from the adja-
cent brain which compensates for chronic ischemia bymaximal
vasodilation.The vessels in the surrounding brain lose autoreg-
ulation or shift the curve leftward.The hypoperfused brain also
promotes angiogenesis, which results in abnormal vessels with
impaired autoregulation.When theAVMis resected, bloodflow
is redirected to other areas where small vessels are unable to
vasoconstrict and easily become hyperemic. In contrast, the
perfusion pressure in draining veins decreases dramatically
after resection and predisposes thrombosis. This phenomenon
of cerebral hyperperfusion in the setting of normalCPP is called
normal perfusion pressure breakthrough (NPPB).

Intracerebral hemorrhage from NPPB carries a high mor-
bidity.The risk of developing NPPB is related to the size and the
extent of increased blood flow in the AVM bed. NPPB is more
common in large AVMs such as the vein of Galen AVM. Angio-
graphic findings of large, high-flow shunts, multiple large-
diameter feeding arteries, and AVMs located in the border
zone predict hyperemic complications. Staged embolization
allows time for the chronically vasodilated vessels to regain
autoregulation.

Treatment options
AVM is treated with microsurgical resection, embolization,
stereotactic radiosurgery, or a combination of different modal-
ities. Surgery offers a permanent cure. Embolization is con-
sidered for surgically risky AVMs or for patients with major
comorbidities. The preoperative embolization for a high-flow
AVM can be coordinated with surgery to minimize the risk
of intraoperative blood loss. Not all feeding arteries, however,
are accessible to an embolization catheter, and the technique is
limited by recanalization when used alone. For large AVMs, a
staged embolization is considered to avoid sudden restoration
of blood flow to the normal brain. A partially embolized AVM
carries a higher risk of bleeding than an untreated AVM. Com-
plete resection is important, and an intraoperative angiography
is routine for confirmation. Radiosurgery is reserved for small
lesions in an eloquent area.

The Spetzler–Martin grading system has been used to assess
surgical risk. Spetzler–Martin grade I to II lesions are treated by
surgical resection, and grade III lesions are treated by emboliza-
tion followed by surgical resection (Table 95.9).

Anesthetic management
The risk of rebleeding from AVM is not usually higher imme-
diately after bleeding. Because most of the cases are surgically
resected as elective cases, it allows optimization of preexist-
ing medical conditions. On the other hand, when a patient

Table 95.9. Spetzler–Martin grading system of AVMs

Size of AVM
Eloquence of
adjacent brain

Pattern of venous
drainage

Small (<3 cm) 1∗ Non-eloquent 0 Superficial only 0
Medium (3–6 cm) 2 Eloquent 1 Deep component 1
Large (>6 cm) 3

∗The sum of the scores is equal to the grade.
Spetzler RF, Martin NA. A proposed grading system for arteriovenousmalfor-
mations. J Neurosurg 1986; 65:476–483.

presents with severe intracranial hypertension from a large
hematoma, the surgery is done on amore urgent basis.Theover-
all anestheticmanagement ofAVMresection is similar to that of
aneurysm clipping: careful BP control, slack brain, euvolemia,
normoglycemia, and rapid emergence.

Preoperative considerations
The preoperative assessment includes the presence of intracra-
nial hypertension, neurologic deficits, and control of seizures,
in addition to the preexisting medical conditions. The size and
location of the lesion are noted as well as the presence of other
associated aneurysms. Large AVMs with high flow are identi-
fied to estimate the risk of NPPB. If the AVM is located in a del-
icate and risky brain area, the surgerymay require two steps: the
mapping of the AVMbed under awake craniotomy and the sub-
sequent resection under general anesthesia. Several large-bore
IV catheters are needed, and blood products should be available
for potential hemorrhage.

Induction
During induction, the risk of rebleeding from systemic hyper-
tension is much lower than that from a cerebral aneurysm
because the perfusion pressure within AVM is lower. The
frequent presence of an aneurysm in the feeding artery man-
dates careful BP monitoring, however. In addition, the compli-
ance of the vasculature is abnormal, and avoidance of cerebral
vasodilation is recommended. For an elective resection, ICP
is usually normalized. The primary goal during induction is
to maintain CPP and ICP in the optimum range. An arterial
catheter is placed prior to induction. A combination of thiopen-
tal/propofol, fentanyl/sufentanil/remifentanil, and long-acting
muscle relaxants is commonly used.

Maintenance
A balanced anesthetic technique with an inhalational agent
and narcotic infusion has been used most often. Fentanyl/
sufentanil/remifentanil infusions provide stable hemodynamics
and reduce the requirement for inhalational agents. The con-
centration of the volatile agent is kept at less than 1 MAC to
preserve autoregulation. Judicious use of mild hyperventilation
and osmotic therapy provides a relaxed brain and facilitates sur-
gical dissection. Cerebral protective strategies are considered
for large AVMs.
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Table 95.10. Complications of interventional neuroradiologic
embolization/coiling

Complications Clinical scenario Treatment

Hemorrhagic Perforation Reversal of heparin
NPPB Lowering of blood pressure
Dissection Rapid delivery of coil,

emergency craniotomy
Occlusive Thromboembolic Thrombolysis, mechanical

lysis, anticoagulation
Vasospasm Raising of blood pressure
Coil fracture Retrieval/reposition of coil

Miscellaneous Contrast reaction/
nephropathy

Pretreatment, careful fluid
management

Groin hematoma Compression, evacuation of
hematoma

Modified from Varma MK, Price K, Jayakrishnan V, et al. Anaesthetic consid-
eration for interventional neuroradiology. Br J Anaesth 2007; 99(1):75–85.

Intraoperative hemorrhage is more common during AVM
resection than in aneurysm clipping. Dural arteriovenous fis-
tulas involving major sinuses and the great vein of Galen mal-
formation tend to bleed easily. Vasopressors and vasodilators
should be readily available to keep the BP in a tight range. Until
the AVM bed is completely resected and adequate homeosta-
sis is obtained, it is prudent to use short-acting drugs such as
nitroprusside, nitroglycerin, or esmolol. When massive blood
loss occurs, the BP needs to be lowered rapidly to facilitate sur-
gical hemostasis. Preoperative embolization decreases the inci-
dence of major bleeding. The extent of blood-flow increase in
the remainder of the brain afterAVMresection can be estimated
with intraoperative use of transcranial Doppler.

Emergence
Smooth emergence is paramount to avoid hypertension. BP
should be maintained at or slightly lower than the baseline
during the early postoperative period to avoid NPPB. Postop-
erative bleeding into the AVM resection bed can cause neuro-
logical catastrophe and result in high mortality. Although the
vessels surrounding the AVM have impaired autoregulation,
they remain responsive to PaCO2. Respiratory depression sec-
ondary to excessive narcotics use should bewatched for because
hypercapnia may worsen cerebral edema. If extensive brain
swelling is of concern, the patient should remain intubated and
hyperventilated.

Endovascular embolization
Anesthetic management of AVM embolization is similar to that
of cerebral aneurysm coiling. Embolization is done under either
general anesthesia ormonitored anesthetic care.The advantages
of general anesthesia are high-quality imaging and the absence
of movement. In contrast, monitored anesthetic care allows
frequent neurologic examinations and provides the informa-
tion about the true function of the potentially risky area in the

brain. Dexmedetomidine is a reasonable choice because of the
lack of respiratory depression. However, its selective α2-agonist
effect tends to cause hypotension and BP monitoring through
a radial arterial or femoral coaxial catheter is mandatory.
Occasionally, the neurointerventional radiologist may request
deliberate hypotension for a brief time to deposit embolicmate-
rials in a more controlled manner. If inadvertent embolization
into feeding vessels occurs, induced hypertension is necessary
to augment perfusion through the collaterals. NPPBmay occur
when the feeding arteries are obliterated or venous outflow is
obstructed due to inadvertent embolization. Hemorrhagic and
thrombogenic complications during the procedure are treated
as shown in Table 95.10.
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Chapter

96 Anesthesia for electroconvulsive therapy
Lambertus Drop

Major depressive disorder (MDD) is diagnosed in approxi-
mately 14 million adults in the United States each year, and,
according to theWorld Health Organization, depression will be
the secondmost common cause of disability in the world by the
year 2020. The consequences of depression are considerable as
MDDnot only affects quality of life but also increases the sever-
ity and mortality of other medical conditions. MDD typically
is a relapsing disease, although less frequently with a combi-
nation of electroconvulsive therapy (ECT) and antidepressants
than with ECT alone. An important clinical problem is intoler-
ance to the side effects of antidepressant drugs. In such cases,
ECTmay be a suitable andmore effective alternative treatment,
resulting in amore rapid onset of remission of depressive symp-
toms, especially in the elderly population.

Although older textbooks advocate that antidepressants be
discontinued 14 days prior to the start of ECT, several stud-
ies have shown the length of time in that recommendation to
be excessive. Generally all antidepressants and benzodiazepines
should be discontinued 2 to 4 days prior to the day of the
first ECT treatment. Special mention is made of lithium car-
bonate, which must be discontinued prior to ECT because its
combination with ECT is known to produce a state of severe
confusion. Also neuroleptics should be discontinued, which
are prescribed to many patients with delusional or psychotic
depression. Their known side effects include orthostasis and
Parkinsonism.

Electroconvulsive therapy
With ECT, an electrical stimulus is applied unilaterally or bilat-
erally to the scalp with the purpose of eliciting a grand mal
motor seizure, which is modified by intravenous (IV) hypnotics
and neuromuscular blocking drugs while the lungs are manu-
ally ventilated with oxygen.

Physiologic changes with ECT
Seizure activity is associatedwith profound physiologic changes
in the autonomic nervous system and in cerebrovascular and
cognitive function.

The hemodynamic response recorded after ECT is bipha-
sic immediate and delayed, and both parts of the response
involve both the parasympathetic and sympathetic systems.

Typically, the parasympathetic response comes first, with
short-lasting bradycardia because of sinoatrial (SA) node inhi-
bition, and is accompanied by increased salivation. Increased
sympathetic tone then follows with self-limited tachycardia and
hypertension. To gain insight in their magnitude, a retrospec-
tive analysis of 23,000 clinical data points in 227 patients at
Massachusetts General Hospital has revealed that post ECT,
more than a quarter of patients had systolic blood pressures
exceeding 220mmHg, heart rate was between 120 and 140 bpm
in 20% of patients and between 140 and 160 bpm in 15%
of patients. Such a profound hyperdynamic state may be
explained by enhanced sympathetic outflow in the brain, aug-
mented by significant increases in circulating norepinephrine
and epinephrine. Hypotension after ECT is so rare that, when
it occurs, a search for its cause is indicated. This search may
reveal inadequate fluid intake (typical for depression), but car-
diac pump failure due to cardiac ischemic events must also be
considered, especially in the elderly population. The delayed
response is manifested as post-ECT bradycardia as a result of
sustained enhanced parasympathetic tone. This is most often
self-limited, but heart rates occasionally fall below 40 bpm,
requiring 0.2 mg of IV glycopyrrolate. The most common
arrhythmias during and after ECT are premature ventricular
contractions (observed in 30% of patients) and T-wave flatten-
ing, which are self-limited. These changes are benign, and car-
diac enzyme elevation is notably absent after uncomplicated
ECT. In individual patients with previously known coronary
artery disease, progressive elevations of the ST segment have
been observed, and these changes were key to the diagnosis of
myocardial injury.

Pulmonary gas exchange
During both tonic and clonic phases of an unmodified grand
mal seizure, there is no effective breathing. With anesthesia
andmuscle relaxation, controlled ventilation provides adequate
oxygenation during the ECT session as shown by pulse oxime-
try values.

Cerebral blood flow (CBF) is augmented by a factor of
up to 5, and cerebral metabolic rate is increased. The degree
of cerebral vasodilation is disproportionately greater than
the increase in metabolic rate, accompanied by a temporary
loss of cerebrovascular autoregulation. There is also increased
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intracranial pressure, but the magnitude of cerebral hyperten-
sion is uncertain, and the CBF adjustment may be inadequate
in the presence of cardiac arrhythmias. Besides increased CBF
rate there also is increased blood flow velocity as determined
by transcranial Doppler ultrasonography, with an increase of
240%. Despite these seemingly ominous events, cellular injury
in the brain does not occur with ECT when adequate oxygena-
tion and cerebral perfusion pressure are maintained.

Because of hypothalamic stimulation that occurs with ECT,
there is an increased release of several hormones, including
adrenocorticotropic hormone (ACTH), vasopressin, prolactin,
and cortisol. Effects of ECT on blood glucose levels in diabetic
patients are variable, and closemonitoring of blood glucose lev-
els is advisable. Diabetic patients maintained on NPH insulin
are given half of the daily dose, and an IV infusionwith glucose-
containing solution is begun. Oral intake is then allowed later
in the day. In contrast, some practitioners allow the daily
insulin dose to be postponed until shortly after ECT has been
administered.

Intragastric pressure
Because ECT is associated with elevation of intragastric pres-
sure, patients with gastric reflux or severe heartburn should
receive a proton pump inhibitor alone bymouth or in combina-
tion with citric acid/sodium citrate immediately prior to ECT.

Intraocular pressure
Intraocular pressure is reported to more than double dur-
ing ECT. This can be problematic in patients with glaucoma.
Accordingly, an ophthalmologic consult should be obtained
when ECT is contemplated in this patient population. Echo-
thiophate, a commonly prescribed drug for glaucoma, is admin-
nistered in the form of eyedrops. Ecothiophate is a potent
inhibitor of plasma pseudocholinesterase and its systemic
resorption may cause prolonged apnea from decreased enzy-
matic breakdown of succinylcholine.

Efficacy and indications
A generalized grand mal motor seizure is essential to the thera-
peutic efficacy of ECT and clinicians aim for aminimum seizure
duration of 20 to 30 seconds. Indications for ECT include the
lack of response to antidepressants, intolerance to their side
effects, and a good clinical response to ECT previously. Unre-
sponsiveness to antidepressants in the face of severe symptoms
of major depressive disorder is an urgent indication for an ECT
session, especially when malnutrition and dehydration coex-
ist (secondary to anorexia or in combination with catatonia).
Delusional and psychotic depression is a strong indication for
ECT before beginning extensive drug treatment. Indications for
ECT include the lack of response to antidepressants, intolerance
to their side effects, a good response to ECT previously, and
an urgent indication is established with unresponsiveness to
antidepressants especially when malnutrition and dehydration

Table 96.1. Symptoms of depression

Pessimistic mood
Anorexia
Weight loss
Early awakening
Impaired ability of concentration
Motor restlessness
Speech latency
Constipation
Somatic delusions
Continued fatigue
Feelings of hopelessness
Low self-esteem
Preoccupation with death and suicide

coexist (secondary to anorexia or in combination with catato-
nia). Delusional and psychotic depression is a strong indication
for ECT without extensive drug trials. Although comparative
predictors for good responses to a drug regimen versus ECT are
not firmly established, a good response to ECTmay be expected
with symptoms listed in Table 96.1. Central to these symptoms
is the loss of interest in activities that used to give pleasure. The
efficacy of ECT is dependent on details of the ECT procedure
with success rates ranging from 20% to 80%. Such a wide range
is possibly related to the total number of treatments that may
be arbitrarily limited in some patients to lessen themost impor-
tant side effect: short-termmemory loss. Variables contributing
to efficacy also include electrode placement, dosage, and dura-
tion – clearly all determined by the treating psychiatrist. Effi-
cacy assessment of ECTmaybe performedbymeans of the stan-
dard Hamilton rating scale.

Seizure threshold
Seizure threshold for ECT treatment may be defined as the low-
est energy level required to elicit an epileptic seizure, and is
determined by successive stimulation, starting at a low level of
energywith increments until a seizure is produced.Neurotrans-
mitters and their receptors clearly are major determinants of
the seizure threshold. The seizure threshold is of major clinical
interest for two principal reasons. First, the seizure threshold
may be manipulated with drugs or interventions with actions
that either elevate or lower it. For example, benzodiazepines,
propofol, fosphentoin, and hypoxia elevate the seizure thresh-
old, whereas theophylline, caffeine, hypocapnia, and high par-
tial pressures of oxygen lower it. In young patients, the seizure
threshold is lower than in the elderly population and the seizure
threshold progressively increases over the course of a series
of treatments with ECT. These variables are taken into account
when determining the energy level to be delivered. Precise con-
trol of the energy level delivered with avoidance of excessive
levels, coupled with routine use of unilateral electrode place-
ment are essential to eliminate severe post-ECT mental confu-
sion, agitation, or memory loss. Because reliable predictors of
ECT efficacy are not available, lifting of depressive symptoms
does not occur in all patients. Improvement of mood after ECT
occurs in at least 80% of patients, however.
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Patient workup
Aproper clinical evaluation includes a detailed history, physical
examination, chest radiograph, electrocardiogram (ECG), and
routine laboratory tests, including hematocrit and WBC. Tests
of hepatic and kidney function may be indicated in elderly and
ill patients. The clinical examination of the depressed patient
may be limited because detailed information on discomfort or
limitation of function often remains hidden or at least is dif-
ficult to obtain. Upon indication, specialized consultation and
investigations may include cerebral CT and MRI, and study
of cardiac function including stress test and echocardiogram.
Antihypertensive regimens are optimized if applicable, and, in
anticoagulated patients, coumadin is adjusted to yield interna-
tional normalized ratio (INR) values between 2.5 and 3. The
stability of blood sugar levels should be ascertained in diabetic
patients. If ECT is offered early in the morning, the insulin
dose may be held in diabetic patients until after the treatment.
In asthmatic patients, theophylline is discontinued in view of
the risk of status epilepticus when a high serum theophylline
level is present at the time ECT is to be administered. In most
patients there is a favorable response to inhaled corticosteroids
or �2-adrenergic agonists. For pregnant patients, an obstetri-
cal consultation should be obtained. Additional recommenda-
tions pertaining to ECT for pregnant patients appear later in
this chapter.

Treatment plan
Obtaining informed consent may pose a challenge in a de-
pressed patient, especially when severe motor retardation is
present, but the patient, a guardian, or family members must
give informed consent for the application of ECT and, sep-
arately, for the administration of anesthesia. Brief and ultra-
brief pulse stimulation are characterized by a rapid upstroke
of the stimulus intensity followed by a rapid offset, with a
square waveform. The stimulus is administered by a mon-
itored ECT device (MECTA Corporation, Tualatin, OR) in
which individually set variables are stimulus frequency, pulse
width, total stimulus duration (depending on age), and num-
ber of immediately preceding treatments. The electrical stim-
ulus produces a generalized seizure which spreads throughout
the cerebral cortex and is followed by electrical silence of about
1 minute.

Clinically, the ECT patterns of stimulation with brief pulse
and ultrabrief pulse predominate, primarily because of a lesser
incidence of post-ECT complications, e.g. confusion and amne-
sia as compared to sine-wave stimulation. Traditionally, an ini-
tial series of 6 to 12 treatments on average are given with
a sequence every other day (Mon–Wed–Fri), followed by
reassessment. If remission is achieved, a regimen with antide-
pressants is usually required following the ECT treatment.
Because ECT is also effective with application spaced at 1- (or
more) week time intervals, maintenance ECT is a valuable alter-
native to maintenance with antidepressants, but comparative

Table 96.2. Standard anesthesia protocol

Premedication No atropine
No benzodiazepines

Monitors Noninvasive blood pressure
ECG
Pulse oximetry

IV access 20–22 gauge IV catheter
Induction Methohexital 0.75 mg/kg
Muscle relaxation Succinylcholine 0.75 mg/kg
Mask Ventilation oxygen
Muscle relaxation confirmed Foot sole reflex
Bite block Between molars bilaterally
Terminate seizure (if >2 min) Propofol, midazolam, lorazepam

data are not available. In the event of incomplete remission,
more treatments with the same frequency as the initial series
(or on a weekly or biweekly basis) may be indicated.

Augmented seizures
If attempts to induce seizures using standard technique are
unsuccessful, several pharmacological interventions are avail-
able using agents that can produce or facilitate seizure activity.
Some practitioners believe that selecting etomidate (0.2 mg/kg)
instead ofmethohexital is useful. Others have administered caf-
feine (125–250 mg IV), but it may be remembered that this
drug has the potential for an exaggerated response manifested
by hypertension, tachycardia, and cardiac arrhythmias.

Anesthesia procedure
Anesthesia protocol
A fasting period of 6 to 8 hours is recommended. Because
elderly patients with depression and forgetfulness may not be
reliable or cooperative, nursing supervision of the fasting
period is important. Hydroxyzine (50–75 mg) or promethazine
(25–50 mg) may be administered for pretreatment sedation.
Benzodiazepines and barbiturates are not used because of their
seizure threshold–elevating effects. A standard anesthesia pro-
tocol is shown in Table 96.2. Because the seizure threshold is
unknown in the first treatment, it may be necessary to adminis-
ter more than one stimulus. If the first stimulus fails to elicit
a seizure, the power is increased with the subsequent stimu-
lus such that a value at least 50% over threshold is reached. A
sequence of more than one stimulus carries the risk of severe
bradycardia, however, because the parasympathetic effects of
the nonconvulsive first stimulus may not be followed by sym-
pathetic stimulation if a seizure fails to occur on the second
attempt. In view of this potentially dangerous possibility, gly-
copyrrolate is always administered prior to the first ECT. It is
preferred over atropine because of a lesser degree of tachycar-
dia and because it is a quaternary compound that does not cause
delirium by crossing the blood–brain barrier. IV access is estab-
lished with a small-bore Teflon catheter configured as a heparin
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Table 96.3. Anesthetic agents suitable for ECT

Drug Dose Seizure threshold Seizure duration Comments

Methohexital 0.5–1 mg/kg IV Minimal anticonvulsant effects ↔ – Induction agent of choice by APA
– Short duration of action
– Pain upon injection

Thiopental 2–4 mg/kg IV ↑ ↔ ↓ – Longer duration of action
Ketamine 0.5–2 mg/kg IV ↓ ↓ – Slower onset

– Delayed recovery
– Hypersalivation
– Ataxia
– Increased hemodynamic variability

Propofol 1–2.0 mg/kg IV ↑↑ ↓ – Rapid onset
– Short duration of action
– Use in patients with excessive seizure duration after
standard dose of methohexital or with severe PONV

Etomidate 0.15–0.3 mg/kg IV ↓↔ ↑ – Delayed recovery
– Emetogenic
– Accentuated hemodynamic response

Opioids The short-acting opioids remifentanil and alfentanil allow for a reduced dose of barbiturates or propofol and thus prolong seizure duration.

APA, American Psychiatric Association; PONV, postoperative nausea and vomiting.

lock. A steel needle (“butterfly”) is not dependable in the event
that IV drugs are needed after ECT. Following IV adminis-
tration of methohexital (0.75–1.0 mg/kg) and succinlycholine
(0.75–1.0 mg/kg), the lungs are manually ventilated by mask
with 100% oxygen. (See Table 96.3.) These dosages are remark-
ably constant throughout the course of treatment in all patients.
Suitable alternatives include thiopental (3–5 mg/kg), propofol
(1–2 mg/kg), and etomidate (0.15–0.3 mg/kg). Succinylcholine
is not given to patients with pseudocholinesterase deficiency,
extensive recent burns, patients within 6 months after stroke
or with known susceptibility to malignant hyperthermia, or
patients with muscular dystrophy. Succinylcholine may have a
prolonged action in patients treated with donepezil hydrochlo-
ride for Alzheimer’s disease or echothiophate for glaucoma.
Suitable alternative muscle relaxants are rocuronium (0.6–1
mg/kg), vecuronium (0.1 mg/kg), or mivacurium (0.15–0.25
mg/kg), the effects of which may be reversed with neostigmine.
The absence of leg withdrawal in response to stimulation of the
foot sole is used to establish adequate muscular relaxation.

Airway management
Dentures should be removed prior to induction of anesthesia.
The placement of a face mask for preoxygenation may not be
ideal because of heightened anxiety. At the first sign of lowered
consciousness, the lungs are manually ventilated with 100%
oxygen. A laryngeal mask airway may also be used. Immedi-
ately before application of the stimulus, two locally made rolls
of cotton gauze are placed bilaterally between themolar teeth to
prevent damage to teeth or gums. Placement of a cuffed endo-
tracheal tubemay occasionally be necessary in selected patients,
including those with a tracheostomy, those who are pregnant,
and those with active gastric reflux or a gastric sphincter mech-
anism that is incompetent because of a gastric feeding tube or
a surgical colon interposition procedure relating to a prior sui-
cide attempt with lye ingestion.

Although the motor seizure is essential to the efficacy of
ECT, the peripheral manifestations are eliminated with suc-
cinylcholine. To monitor the seizure duration and to be certain
that the seizure is generalized, a tourniquet or blood pressure
cuff is applied around the ipsilateral (in the case of unilateral
ECT) arm or leg prior to succinylcholine or a nondepolarizing
muscle relaxant administration and inflated to pressures above
systolic. This maneuver prevents the neuromuscular blocker
from reaching receptors below the tourniquet, thereby allow-
ing observation of the motor seizure activity in this localized
peripheral muscle area.

Cardiovascular function
If reduced arterial pressure is present before ECT, sequential
blood pressure measurements are taken in supine, sitting, and
standing position. If cardiac pump failure relating to ischemic
heart disease is the cause of the hypotension, it is prudent
to postpone the ECT session and obtain a cardiology con-
sult. The tachycardia and hypertension typically observed after
ECT may be effectively attenuated with the �-blocking drugs
esmolol and labetalol (mixed �- and �-blocking agent); these
drugs also can prevent cardiac arrhythmias. Also remarkable
is that their potential side effects, such as exaggerated brady-
cardia post ECT, unmasking cardiac failure, or asthma, are not
seen with these clinical dosages. A clinically useful alternative is
sublingual nifedipine (10 mg) approximately 15 minutes before
application of the ECT stimulus. Propranolol should not be
administered in this setting because of the risk of cardiac arrest
immediately after the seizure.

Recovery
After the seizure, patients are taken in the side position to the
recovery area, a plastic facemaskwith an oxygen reservoir is fit-
ted to the face, and ECG, oxygen saturation, and blood pressure
are monitored and recorded for 30 minutes.
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Side effects and complications of ECT
The most common side effect is a reversible short-term mem-
ory loss, which is more often seen with bilateral electrode
placement. Post-ECT agitation and confusion, possibly as an
expression of a residual seizure, may be successfully treated or
prevented with lorazepam (1–2 mg IV), midazolam (1–2 mg
IV), or propofol (50–100 mg), alone or in combination.

Complications include congestive heart failure, myocardial
ischemia, and augmented hypertension. Cardiac arrhythmias
occur in more than 30% of patients.

Pulmonary complications
Because the airway, in almost all patients, is managed with
a face mask during ECT, pulmonary aspiration is possible.
Endotracheal intubation is therefore performed in patients with
known gastrointestinal reflux disease. Patients are turned in
lateral decubitus position after ECT. Cognitive complications
occur frequently and are primarily those involving memory
losses for recent events, which typically are self-limiting. Status
epilepticus rarely occurs spontaneously when seizures continue
beyond 120 seconds immediately post-ECT stimulus.Headache
typically responds well to ketorolac (30 mg IV). Muscle pain is
reported bymany patients after the first ECT treatment, but not
after subsequent treatments.

Special considerations
Recent myocardial ischemic event
Common practice is to observe a 3- to 6-month waiting period
before a course of ECT is undertaken in patients with docu-
mented myocardial injury, although strong supporting data are
not available.

Coronary artery disease
The diagnosis of coronary artery disease is common in many
elderly patients presenting for ECT. In such patients, the hemo-
dynamic changes typical for ECT may lead to symptomatic
coronary insufficiency with cardiac ischemia as shown by per-
sistent changes in ST segment from baseline on the ECG, fol-
lowed by cardiac pump failure, even though a given patient
may not report any ischemic symptoms before ECT. In these
patients, pretreatment with �-blocking drugs may eliminate
rate-dependent coronary insufficiency. Clearly, overt chest pain
and anginal symptoms require consultation with a cardiologist
to advise on additional specific cardiac studies to be performed
and on an optimal medical regimen.

A pacemaker may be present in patients with symptomatic
bradyarrhythmias, second- or third-degree atrioventricular
(AV) block, and sinus node malfunction. An external con-
verter magnet should be readily available, and the serum potas-
sium level should be within the normal range. In addition,
the pre-ECT ECG may be examined for a 1:1 capture and a
chest radiograph may be examined for intact electrode wires.

Drugs that should be readily available include atropine and iso-
proterenol. ECT does not ordinarily interfere with pacemaker
function because of improved electrical shielding of the pulse
generator units; in addition, the ECT stimulus is applied at a
distance from the location of the generator unit, and, if interfer-
ence does occur, the unit changes to a fixed mode. Drugs used
in anesthesia for ECT are safe relative to pacemaker function,
although, theoretically, the muscle fasciculations after succinyl-
choline could cause some interference.

Cardiac transplant recipients may receive ECT, but the data
are limited. A hypersensitivity of the denervated heart to cat-
echolamines after orthotopic transplantation has been shown
not to be of practical concern.

Abdominal aortic and cerebral aneurysms pose an impor-
tant risk in patients presenting for ECT because of the marked
increase in arterial pressure and heart rate typical for ECT.
They have been considered contraindications to ECT in the
past, but ECT may be successfully administered with special
management. Risk factors include marked increased in arte-
rial pressure and blood flow velocity, but a direct correlation
between aneurysm rupture and hypertension has not been
established. Although the predictors for and mechanism of
aneurysm rupture are unknown, the combination of �-blocker
pretreatment (atenolol 25–50 by mouth per day, for 2–3 days
prior to ECT) to reduce shear stress at the aneurysm site and
sodium nitroprusside infusion (to reduce arterial pressure and
blood flow velocity) immediately prior to and during treatment
has proven useful to successful management and outcome. If
sodium nitroprusside is used, it is mandatory that intra-arterial
monitoring be employed since the arterial blood pressure may
undergo profound changes from moment to moment. Such
patients also should be observed for a prolonged period after
ECT, possibly staying overnight at the treatment facility or
transferred to a hospital setting with appropriate monitoring
facilities.

Arteriovenous malformations
Because these lesions are low-pressure lesions (in sharp contrast
to aneurysms), they are less likely to have major cerebral conse-
quences in combination with ECT. Close observation with fre-
quent blood pressure measurements is advisable.

Brain tumor
ECT has been successfully administered in the presence of a
brain tumor.

In the presence of critical aortic stenosis, ECT poses a chal-
lenge because of the catecholamine surge and increased cardiac
output. The classic triad of symptoms consists of angina, dysp-
nea on exertion, and syncope, making ECT quite dangerous in
such patients. If ECTmust be done, the patient should be exten-
sively monitored and transferred afterward to a hospital or ICU
setting for extended observation.

ECT has been successfully administered in the presence of
severe pulmonary hypertension.
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Pregnancy
ECT produces no complications for pregnancy or delivery and
has no adverse effects on growth and development during
infancy and beyond.

Case reports suggest that ECT is safe for mother and
fetus even in the third trimester of pregnancy, and no pre-
mature labor has been reported. With each ECT treatment,
fetal well-being may be monitored by means of ultrasonogra-
phy, and attention is directed to adequate hydration and lat-
eral uterine displacement to prevent hypotension. Antacids and
endotracheal intubation are advocated to prevent pulmonary
aspiration.
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Chapter

97 Renal physiology
Edward R. Garcia

Thekidneys are both excretory and secretory organs that tightly
regulate the volume and composition of body fluids by pre-
cise excretion of excess water and waste products. This chapter
describes basic anatomy and physiology of the kidney and ways
to measure kidney function.

Anatomy and function
Thekidneys are paired organs lying in the retroperitoneal space.
Each kidney has an outer cortex and an inner medulla. At the
medial border of each kidney is the hilum, which opens into the
renal pelvis and continues down as the ureter into the bladder.
The renal cortex contains approximately 1 million nephrons,
which give it a granular appearance. Each nephron begins in
a renal corpuscle, which in turn is composed of a glomerulus, a
tuft of capillary loops, enclosed in Bowman’s capsule. Plasma is
filtered out of the glomerulus (ultrafiltrate = plasma – the pro-
teins), and this filtrate is passed out of the Bowman’s space into
the proximal tubule ultimately forming urine.

Important homeostatic functions of the kidney include the
secretion of erythropoietin (stimulates red cell production in
the bone marrow), of renin (regulates extracellular fluid vol-
ume), and of vitamin D (active form) and prostaglandins.

The paired kidneys receive blood flow at approximately 1.25
L/min (25% of cardiac output); most of this flow supplies the
renal cortex (90%). The majority of this blood flow (1 L/min)
goes to the glomeruli and results in the production of 125
ml/min of filtrate (glomerular filtration rate [GFR]). Water,
crystalloids, and molecules less than 30,000 daltons are filtered
freely through the membranes. GFR is the clinical measure of
renal function which gives a gross assessment of the amount of
filtration and, therefore, excretion that the kidneys can perform.
In normal adults, the GFR averages 90 to 140 ml/min for men
and 80 to 125 ml/min for women. GFR normally declines with
age, decreasing to approximately 80 ml/min at 60 years of age
and to 60 ml/min at 80 years.

Normal age-related decline of GFR is usually of little clini-
cal consequence and does not affect the kidneys’ excretory or
homeostatic ability under normal conditions. As mentioned
earlier in the text, the initial step in the formation of urine is the
production of ultrafiltrate at the glomerulus. The efferent arte-
rioles provide the high resistance to blood flow needed to create
high glomerular hydrostatic pressure and drive the filtrate into

the Bowman’s capsule. At 120 ml/min, the total amount of fil-
trate produced is 173 L/day,whereas normal urine production is
approximately 1.5 L/day.Therefore, 99% of the filtrate produced
is reabsorbed, and only the remainder is excreted as urine.

Renal blood flow autoregulation
Afferent arterioles likely play a predominant role in renal
autoregulation, resulting in near-constant renal blood flow
(RBF) and GFR. Autoregulation of RBF in response to blood
pressure changes occurs by:
� Native response of smooth muscle cells (myogenic

mechanism) that contract in response to increased or
decreased stretch. An increase in afferent vascular
resistance decreases GFR, whereas a decrease in afferent
vascular resistance increases GFR. An increase in efferent
vascular resistance increases GFR, whereas a decrease in
efferent vascular resistance decreases GFR.

� Tubuloglomerular feedback (TGF) mechanism
� Sympathetic nervous system control (vasoconstriction,

T4–L1)
� Renin–angiotensin effect
� Antidiuretic hormone (ADH; vasoconstriction)
� Prostaglandins – prostaglandin E2 (PGE2 )and

prostaglandin I2 (PGI2) (vasodilators)

Autoregulation allows RBF and GFR to remain relatively con-
stant as mean arterial pressure (MAP) varies between 80 and
180 mm Hg. The ability to autoregulate blood flow to main-
tain renal perfusion pressure and GFR becomes impaired when
MAP drops below 70 mmHg.

Reabsorption and secretion
Following the production of ultrafiltrate, a series of reab-
sorption and concentration steps (Fig. 97.1) occur along the
nephron to reclaim water and electrolytes. These steps occur
under the control of a number of hormones and factors as dis-
cussed in the next section. The renal cortex receives almost
1 L/min of RBF, whereas the medulla receives only 250 to
300 ml/min. The renal medulla, in the region of the tubule, is
among the most metabolically active tissues in the body but
is relatively poorly perfused. Thus, it is a region of low blood
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Figure 97.1. Electrolyte and water reabsorption at various locations along the nephron.

flow and relative hypoxia with a high percentage of O2 extrac-
tion ratio, and is vulnerable to ischemic injury from hypoperfu-
sion.The filtration fraction (GFR/RPF)measures the efficacy of
reabsorption. Sites of reabsorption and/or secretion of various
substances are summarized in Table 97.1.

Table 97.1. Reabsorption/secretion of various substances in the renal
tubule

Proximal Loop of Distal Collecting
Substance tubule Henle tubule duct

Glucose R
Urea R (50%) S R
Sodium R (65%) R (25%) R R
Chloride R R R
Potassium R (65%) R (20%) S
Bicarbonate R (80%) R R
Calcium R R
Magnesium R R R
Phosphate R
Amino acids R

R, reabsorption; S, secretion.

Regulation of GFR, tubular reabsorption
Tubuloglomerular feedback(TGF)
The juxtaglomerular apparatus (JGA) is composed of the mac-
ula densa of the thick ascending limb (TAL), the extraglomeru-
lar mesangial cells, and the granular cells of the afferent and
efferent arterioles, which produce renin. As the filtrate flows
through the TAL, changes in flow are sensed by the JGA, trig-
gering TGF involving a flow-dependent signal from the mac-
ula densa. Increased “distal delivery” results in afferent con-
striction and decreased GFR, whereas decreased filtrate flow
in the TAL increases both RBF and GFR. The Na+/K+/2Cl−
cotransporter in the luminal membrane of the macula densa
senses changes in luminal electrolyte concentrations (depen-
dent onNa+ andCl− concentration and flow) and initiates TGF.
The precise mechanism that then controls this translation of
luminal signal into regulation of afferent and efferent arterio-
lar constriction has yet to be clearly elucidated. Thromboxane,
nitric oxide, and angiotensin II have all been identified as possi-
ble effectors, though recent studies suggest that adenosine and
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Figure 97.2. Regulation of GRF and sodium and water reabsorption.

possibly ATP may be the primary mediators. Only oscillatory
blood pressure signals evoke a regulatory response. Nonpul-
satile flow such as that on cardiopulmonary bypass or onECMO
tends to decrease RBF and GFR and increase renin production
via TGF.

Renin–angiotensin II
Renin is released from smooth muscle cells in the afferent and
efferent arterioles, stimulated by hypotension at afferent arte-
riolar baroreceptors, increased sympathetic stimulation, and
decreased NaCl delivery to the macula densa (Fig. 97.2). Renin
catalyzes the conversion of angiotensinogen to angiotensin I
for subsequent conversion to angiotensin II. Angiotensin II,
a potent arteriolar vasoconstrictor, stimulates (1) aldosterone
secretion by the adrenal cortex and (2) ADH secretion and
thirst, and enhances NaCl reabsorption by the proximal tubule.
Sympathetic stimulation and catecholamine release (e.g.,
following hemorrhage) stimulates reabsorption of NaCl and
water throughout the nephron. The �1-adrenoreceptors are
located primarily on the afferent arteriole, and their activation
results in afferent constriction and stimulation of granular cells
to release renin.

Measures of renal function
Plasma creatinine is often used as a measure of renal function
(Table 97.2). The serum creatinine concentration is dependent
on production (dependent on lean body mass and, therefore,
relatively constant from day to day) and its elimination by the
kidney. Creatinine is also secreted, to a small extent, in the prox-
imal tubule, so this tends to overestimate the GFR. In most
clinical situations, however, creatinine clearance and serum cre-
atinine concentration provide a relatively adequate measure of
GFR and overall renal function, respectively. A decrease in GFR

Table 97.2. Common parameters to measure renal function

Creatinine clearance = Cu × urine flow rate
Cp

(Normal = 110 − 150ml/min)

RPF = Clearance of PAH =PAHu × urine flow rate
PAHp

RBF = RPF
1 − hematocrit

Cu, urine creatinine concentration; Cp, plasma creatinine concentration;
PAHu, para-aminohippurate urine concentration; PAHp, para-amino-
hippurate plasma concentration.
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may be the first and only sign of renal dysfunction. Because of
renal adaptation, a 50% loss of nephrons will reduce GFR by
only approximately 20% to 30%. This decrease in GFR from
125 to 100 ml/min results in an increase in plasma creatinine
from 1 to approximately 1.2 mg/dl. This change in creatinine
appears to be minor, but reflects a loss of a quarter of GFR and
a large percentage loss of nephrons. Contrast this to an increase
in plasma creatinine from 1.5 to 2 mg/dl, which correlates to
only a 15 ml/min decrease in GFR. If a more precise measure is
required, the GFR can be quantified by measuring inulin clear-
ance; inulin is administered by continuous infusion, freely fil-
tered at the glomerulus (neither reabsorbed nor secreted), then
its concentration in the urine is measured. This procedure is
rarely performed as it is time consuming and expensive, so
clinically, nuclear medicine techniques such as iohexol clear-
ance are more practical.

Effective renal plasma flow (RPF) is calculated by measur-
ing para-aminohippurate (PAH) clearance, which is essentially
fully cleared (by filtration and secretion) in one passage through
the tubules (receiving the plasma flow). RBF is calculated as
RPF / 1 – hematocrit. Fractional excretion is the amount of a
substance that is excreted from the total that is filtered. A frac-
tional excretion greater than 1.0 indicates net tubular secretion,
whereas that less than 1.0 indicates net tubular reabsorption.

Blood urea nitrogen (BUN) is elevated not only in kidney dis-
ease but also in dehydration, in gastrointestinal bleeding, and
with a high protein diet. Normal BUN levels are 10 to 20 mg/dl,
and a normal serum creatinine/BUN ratio is 1:20.
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98 Urology
Naveen Nathan and Tarun Bhalla

Anesthetic care for urologic procedures obligates attention to
unique considerations superimposed on basic perioperative
patient management. In a broad sense, the anesthesia care
provider must have a thorough understanding of (1) the neu-
roanatomy (Fig. 98.1) subserving pain sensation to the urinary
tract; (2) the major vascular structures in association with, or
in close proximity to, the renal–urinary axis; (3) renal function
and perioperative renal protection; and (4) an appreciation for
themedical comorbidities thatmay be related to or independent
of the specific urologic surgical intervention. Because regional
anesthesia is often employed during urologic surgery, the anes-
thesiologist must bear in mind the spinal levels that conduct
nociceptive input from the urinary tract (Table 98.1).

Transurethral endoscopic procedures
Diagnostic and therapeutic procedures
Cystoscopy is the most commonly performed urologic proce-
dure. Cystourethroscopy is used to examine and treat lower uri-
nary tract disease involving the urethra, prostate gland, and
bladder. Ureteroscopy is used to evaluate the upper urinary
tract, including the ureter, renal pelvis, and kidneys.These pro-
cedures may be classified as diagnostic when performed for
biopsies or radiographic evaluation of the urinary tract and
renal collecting system. As such, they are often simple and brief
in duration.They involveminimal surgical stimulation, making
them amenable to conscious sedation or local anesthetic tech-
niques. More complex endourologic procedures are often ther-
apeutic, involving tumor resection, ureteral dilatation, stenting,
or stone extraction. These techniques are used to diagnose and
treat many conditions including hematuria, recurrent urinary
tract infections, prostatic hyperplasia, nephrolithiasis, trauma,
obstruction, and cancer, often necessitating general or regional
anesthesia.

Anesthetic technique
The anticipated extent of surgical stimulation, length of proce-
dure, patient comorbidities, and surgeon and patient preference
influence the choice of anesthetic management.

General anesthesia
Laryngeal mask airways may be used safely as most healthy
patients are able to spontaneously ventilate in the lithotomy
and Trendelenburg positions. Alternatively, general endotra-
cheal anesthesia may be indicated for patients at risk for aspira-
tion or for those having procedures of longer duration (�2 h)
or procedures requiring muscle relaxation.

Regional anesthesia
If a central neuraxial anesthetic is used, a T6 or a T10 level
is necessary for upper tract and lower tract instrumentation,
respectively. Both spinal and continuous epidural techniques
may be used, although considerable majorities of procedures
end well within the finite duration of a single-shot spinal
anesthetic.

Figure 98.1. Anatomy of the urinary tract.
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Table 98.1. Pain conduction in the genitourinary system

Organ Sympathetic Parasympathetic

Spinal
levels of
nociception

Kidney T4–L1 Vagus nerve T10–L1

Ureter T10–L2 S2–S4 T10–L2

Bladder T11–L2 S2–S4 T11–L2
(dome), S2–S4
(neck)

Prostate T11–L2 S2–S4 T11–L2, S2–S4

Penis and
urethra

L1 & L2 S2–S4 S2–S4

Scrotum
(cutaneous)

Not significant
for nociception

Not significant for
nociception

S2–S4

Testicles T10–L2 Not significant for
nociception

T10–L1

Conscious sedation
This method may be used for certain patients undergoing short
procedures, mainly simple cystourethroscopies, depending on
surgeon and patient preference.

Local anesthesia
Some minor cystoscopic procedures may be performed using
local anesthetic lubricant jelly, which is tolerated particularly
well in female patients, owing to the comparatively shorter
length of their urethra.

Anesthetic considerations
Lithotomy position
Elevation and abduction of the lower extremities is associated
with (1) a decrease in functional residual capacity, (2) an acute
increase in venous return, (3) an increase inmean arterial blood
pressure without a major change in cardiac output, and (4) the
possibility of neuropathies or neuropraxias. The common per-
oneal nerve is particularly at risk and when injuredmanifests as
foot drop and sensory deficits over the dorsumof the foot. Addi-
tionally, both spinal lidocaine (as well as other local anesthet-
ics) and the lithotomy position are observed risk factors for the
development of transient neurologic symptoms (TNS). Of note,
rapidly lowering the legs at the end of the procedure acutely
decreases venous return, resulting in hypotension.

Obturator reflex
Stimulation of the obturator nerve by electrocautery current
conducted through the lateral bladder wall may result in abrupt
external rotation and adduction of the thigh. An important con-
sideration of using a regional anesthetic technique is that it
does not abolish this reflex. The obturator reflex can be reliably
blocked by using either nondepolarizing neuromuscular block-
ers at levels that suppress the twitch response during general
anesthesia or an obturator nerve block.

Autonomic hyperreflexia
Individuals who have sustained a prior spinal cord injury char-
acterize a patient population that frequently requires endouro-
logic procedures for the treatment of neurogenic bladder
dysfunction, recurrent urinary tract infections, and complica-
tions of long-term indwelling urinary catheters. This unique
patient demographic is at risk for the development of auto-
nomic hyperreflexia (AH; especially injuries at T6 and above),
especially with higher thoracic spinal cord injury. The severe
hypertension, bradycardia, and arrhythmias that typify AH are
often elicited by mild interventions, such as the mere insertion
of a cystoscope. AH can be prevented with general or regional
anesthesia and, in the event of its occurrence, treatedwith intra-
venous (IV) antihypertensive agents.

Transurethral resection of the prostate
Transurethral prostate resections are primarily indicated for
symptomatic benign prostatic hyperplasia (BPH). A resecto-
scope (a modified cystoscope with a cutting and coagulat-
ing metal loop) or a cystoscope with a laser fiber is inserted
through the penis into the prostatic urethra. The substance
of the prostate gland is then dissected incrementally with the
resectoscope or green light laser, and the removal of resected tis-
sue from the surgical field is facilitated through continuous irri-
gation. As resection proceeds, especially with the resectoscope,
prostatic venous sinuses are opened and variable amounts of
irrigation fluid can be absorbed into circulation. Several fac-
tors influence the degree of systemic absorption of the irriga-
tion fluid (Table 98.2). The procedure ends with irrigation of
the bladder to remove residual prostatic debris and placement
of an indwelling urinary catheter.Thenewer surgical techniques
employing laser resection and laser vaporization of the prostate
have greatly diminished the complications associated with clas-
sic resectoscope TURP (transurethral resection of the prostate)
procedures.

Anesthetic technique
Regional anesthesia (specifically spinal anesthesia) has been
classically advocated as the anesthetic technique of choice for
resectoscope TURP. If spinal or epidural anesthesia is used, a
T10 dermatome anesthetic level is needed to block the pain
from bladder distention by the irrigating fluid. The early men-
tal status changes that result from the progression of TURP
syndrome (see next section, Complications of TURP) can be
detected promptly with this approach. Despite this advantage,

Table 98.2. Factors influencing the amount of irrigation fluid absorbed
during TURP

Duration of resection (20 ml of fluid are absorbed per minute of resection
time on average)

Number and size of venous sinuses breached
Prostatic venous pressure
Hydrostatic pressure (height of irrigation fluid relative to patient)
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to date no difference in perioperative morbidity and mortality
has been shown when comparing regional versus general anes-
thesia for transurethral prostate resection. Furthermore, the
hemostatic proficiency of newer green light laser TURP tech-
niques has increased considerably and has diminished the his-
toric superiority of spinal anesthesia.

Complications of TURP
The breach of prostatic venous sinuses and subsequent intrava-
sation of irrigation solution account for the majority of poten-
tial complications of TURP (Table 98.3). In addition, bleeding,
mechanical perforation, and bacteremia may also occur. Initial
management includes notifying the surgeon and quickly ending
the procedure; supporting the patient’s airway, breathing, and
circulation; measuring serum electrolytes; and obtaining (1) a
measurement of arterial blood gas and (2) a 12-lead electrocar-
diogram (ECG).

Complications that arise from fluid absorption are related
to the volume, osmolarity, intrinsic toxicity, and temperature
of the irrigation solution used. As such, circulatory overload,
hypo-osmolar hyponatremia, glycine and/or ammonia toxic-
ity, hyperglycemia, and/or hypothermia may occur. The term
TURP syndrome refers to the collective symptoms of volume
overload, hyponatremia, and cerebral edema.

All currently available irrigation solutions used to preserve
visibility of the surgical field are somewhat hypo-osmolar. Dis-
tilled water offers excellent visibility with an osmolality of
0 mOsm/L, but significant absorption can cause severe hemol-
ysis, hemoglobinuria, and hyponatremia. Conversely, crystal-
loid solutions, such as 0.9 normal saline and balanced salt
solutions (lactated Ringer’s) are iso-osmolar and cause little (if
any) dilutional, hemolytic, or toxic effects when absorbed. The
presence of dissociated sodium and chloride ions, however, dis-
perse electric current and render electrocautery ineffective for
TURP. Table 98.4 outlines the properties of irrigation solutions
currently in use.

Lithotripsy
Urinary calculi in the bladder and lower ureters are usu-
ally treated with cystourethroscopy, stone extraction, stent-
ing, and intracorporeal laser lithotripsy (i.e., holmium:yttrium,
aluminum, and garnet [Ho:YAG] laser). Stones in the upper
two-thirds of ureters or kidneys may be treated with extracor-
poreal shock wave lithotripsy (ESWL) or percutaneous nephro-
lithotomy.

Anesthesia technique
1. Monitored anesthesia care – Usually is adequate for newer

lithotripters, because they cause less discomfort. A variety
of techniques are acceptable, including propofol infusion
with opioid supplementation.

2. Regional anesthesia – Continuous epidural and spinal
anesthesia were commonly employed for the

first-generation lithotripters using water immersion, as
they were associated with high intensities of pain. Regional
anesthetic techniques for this procedure require a sensory
level of T6.

3. General anesthesia – Allows for control of diaphragmatic
excursion, as spontaneous ventilation moves the stone in
and out of the shock waves focus.

Anesthetic considerations
ESWL relies on high energy, repetitive sound waves focused on
renal calculi resulting in stone fragmentation. Tissue destruc-
tion can occur if the shock waves are focused at air–tissue
interfaces (i.e., lung and gastrointestinal tract). The patient is
positioned such that the lung and intestines are out of range
from the shock wave focus. If safe positioning proves unfeasi-
ble, it is a contraindication to the procedure (Table 98.5). Bruis-
ing and ecchymosis of the skin also may occur during ESWL.
Rarely, a large perinephric hematoma may develop.

Patients with a history of dysrhythmias and those with pace-
makers or internal cardiac defibrillatorsmay be at risk for devel-
oping arrhythmias induced by shock waves. Synchronization of
the shock waves to approximately 20 ms after the R wave from
the ECG, corresponding to the ventricular refractory period,
decreases the incidence of arrhythmias during ESWL.

The number of shocks determines the length of the proce-
dure and, in conjunction with the patient’s heart rate, predicts
the time remaining for the procedure. Adequate IV hydration
with occasional diuretic supplementation may aid passage of
stone fragments.

Urologic laser surgery
Laser surgery is effective in treating many urologic problems,
including condyloma acuminatum, ureteral strictures, intersti-
tial cystitis, BPH, ureteral calculi, and superficial carcinoma of
the penis, ureter, bladder, and renal pelvis. A description of the
various types of lasers used in urologic procedures is provided
in Table 98.6. The application of operative lasers mandates the
use of safety goggles and vigilance against the potential for inad-
vertent thermal injury to the patient and all operating room
personnel.

Urologic oncology
Mostmajor, open surgical procedures in urology are performed
as a treatmentmodality formalignancies related to the prostate,
bladder, or kidney.

Prostatectomy
Radical prostatectomy has become a common procedure owing
to the high prevalence of prostate cancer and improved surgical
techniques. The entire prostate gland, bladder neck, ampullae
of the vas deferens, and seminal vesicles are removed, after
which the bladder is anastomosed to the membranous urethra
with an indwelling urinary catheter in place tomaintain patency
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Table 98.3. Complications of TURP

Complication Mechanism Manifestations Management

Circulatory overload Excessive intravasation of irrigating
solution

Hypertension with compensatory
bradycardia. If severe enough to
cause LV dysfunction, may manifest
as hypotension, dyspnea, pulmonary
edema, and elevated PCWP.

Fluid restriction and loop diuretics
(furosemide); consider halting the
procedure as soon as is feasible. Severe
cardiorespiratory compromise may warrant
controlled mechanical ventilation and
inotropic support.

Hypo-osmolar hyponatremia Dilution of serum Na+ concentration
and osmolality leading to cerebral
edema

CNS effects in order of increasing
severity: restlessness, agitation,
confusion, seizure, and coma.
Cardiovascular effects manifest at
Na+ levels < 120 mEq/L and include
hypotension, wide QRS, and
dysrhythmias.

Mild cases (Na+ <120 mEq/L) require fluid
restriction and loop diuretics (furosemide).
Severe cases (Na+ <120 mEq/L) may
require controlled mechanical ventilation,
inotropic support, and 3% hypertonic saline
infusion with serial evaluation of Na+ ,
although rapid correction of Na+
(>100 ml/h of 3% NS) may cause central
pontine myelinolysis.

Glycine toxicity Glycine may declare its effects as a
central inhibitory neurotransmitter
when excessive plasma levels are
achieved.

Primarily CNS toxicity with transient
visual disturbance and blindness

Visual disturbance after TURP mandates
immediate attention and an
ophthalmology consult. In addition, other
causes of perioperative visual loss must be
entertained (stroke, acute glaucoma,
ischemic optic neuropathy, and corneal
abrasion).

Ammonia toxicity Ammonia is the hepatic metabolite
of glycine. Excessive absorption of
glycine solution may result in
hyperammonemia.

CNS effects causing depressed
mental status, delayed awakening,
and coma

Depressed mental status requires attention
to oxygenation, ventilation, and
hemodynamics. Secondarily, blood gas
analysis, serum glucose, electrolytes, and
ammonia levels should be assessed.

Hyperglycemia Related to the use of sorbitol
irrigation solution. Sorbitol is
metabolized to fructose and may
cause hyperglycemia, particularly in
diabetic patients.

Symptoms are related to
hyperglycemia and may include
alteration in mental status, DKA,
hyperosmolar nonketotic coma, and
polyuria.

Insulin therapy guided by serial evaluation
of serum glucose concentration.
Intravascular volume replacement and
supplemental potassium as needed.

Hypothermia Fluid at room temperature will cause
excessive heat loss through
continuous irrigation and absorption.

Decreased core body temperature
(∼1°C/h of surgery), shivering

Prevention is key, and warmed irrigation
fluid should be used. Forced-air warming
blankets and opiates help treat
postoperative shivering.

Bleeding and coagulopathy Blood loss through prostatic venous
sinuses. Systemic fibrinolysis may
occur with the release of tissue
plasminogen activator and urokinase
from the prostate gland. DIC may also
occur from absorption of prostate
tissue, which is rich in
thromboplastin.

Persistent blood loss in surgical field
or hematuria postoperatively.
Anemia, tachycardia, and
hypotension when severe

Serial evaluation of hematocrit, platelets,
and coagulation profile. Blood product
administration as warranted

Perforation Inadvertent bladder perforation with
resectoscope leading to
extraperitoneal leakage of irrigation
fluid, blood, and urine. Intraperitoneal
leakage may also occur depending
on location of bladder and/or
prostate perforation.

Extraperitoneal leakage:
periumbilical, inguinal, or suprapubic
pain; surgeon may note irregular
return of irrigation fluid.
Intraperitoneal: upper abdominal
pain or referred diaphragmatic
irritation noted as shoulder pain,
pallor, diaphoresis, nausea and/or
vomiting, hypotension. Signs are
reliable only with spinal anesthetic
(<T9 sensory level).

Small perforations may be managed with
catheter drainage. Large perforations
require prompt open laparotomy for repair.

Bacteremia and sepsis Bacteria may be introduced directly
into circulation through open
prostatic venous sinuses.

Fever, chills, rigors, hypotension, and
tachycardia

Antibiotic therapy with broad-spectrum
agents

LV, left ventricular; PCWP, pulmonary capillary wedge pressure; CNS, central nervous system; NS, normal saline; DKA, diabetic ketoacidosis; DIC, disseminated
intravascular coagulation.
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Table 98.4. Irrigation fluids used for TURP

Solution
Osmolality,
mOsm/L Precautions

Glycine 1.5% 220 Glycine toxicity, hyperammonemia,
transient visual loss

Sorbitol 3.5% 165 Hyperglycemia, infection

Mannitol 5% 275 Acute circulatory volume expansion,
osmotic diuresis

Cytal (sorbitol/
mannitol
mixture)

178 Same as for sorbitol and mannitol

of the urinary tract. The commonly used retropubic approach
involves either a low midline or Pfannenstiel incision with the
patient in the supine position. This approach carries the risk of
moderate blood loss as the dissection enters the territory of the
dorsal venous complex of the penis as well as branches of the
hypogastric veins.

Laparoscopic radical prostatectomy offers all the attendant
advantages of minimally invasive surgery weighed against the
risks of peritoneal insufflation, although no unequivocal dif-
ference in mortality has been demonstrated when compared to
open prostatectomy. Skilled urologists have gained even greater
surgical precision with robot-assisted laparoscopic prostatec-
tomy. This procedure appears to have a lower incidence of
ileus and blood transfusion than does the standard retropubic
approach.

Anesthetic technique
Open procedures for prostate resection are amenable to both
general and regional anesthesia. Although no difference in
mortality has been demonstrated between these techniques,
employing a central neuraxial block as the primary anesthetic
may offer a reduction in blood loss, lower incidence of deep
vein thrombosis (DVT), and improved postoperative analge-
sia, in addition to a potential risk reduction for tumor recur-
rence. AT8 sensory level should be sought if a spinal or epidural
anesthetic is chosen. Lower abdominal operations such as the
retropubic approach to prostatectomy may result in as much as
a 30% decrement of functional residual capacity (FRC) postop-
eratively after general anesthesia. Regional techniquesmay help
attenuate this expected degree of pulmonary dysfunction. Gen-
eral anesthesia, however, offers the advantages of predictable

Table 98.5. Contraindications of ESWL

Absolute Relative

Distal obstruction to the renal
calculi

Large calcified aortic or renal artery
aneurysm

Bleeding disorder or
anticoagulation

Untreated urinary tract infection

Pregnancy
Pacemaker or automated implantable
cardioverter-defibrillator (AICD)
implant

Morbid obesity

anesthetic duration and efficient control of oxygenation and
ventilation, as well as a lack of visible responses to hypotension
associated with rapid blood loss.

Laparoscopic and robotic prostatectomy is best conducted
using general anesthesia with endotracheal intubation. The
expected physiologic effects of peritoneal insufflation of carbon
dioxide (CO2)mandate airway control andmanagement of ven-
tilation and oxygenation. These effects, in particular decreased
pulmonary compliance, are exaggerated in steep Trendelen-
burg position. Robot-assisted laparoscopic prostatectomy also
bears the disadvantage of limited patient access and long surgi-
cal duration. Securing all patient monitors, having adequate IV
access, and paying strict attention to patient padding and posi-
tioning are essential prior to commencing with robot-assisted
surgery. Currently, it is believed that laparoscopic approaches
to prostatectomy incur less blood loss, provide a faster resump-
tion of bowel function, and expedite hospital discharge.

Orchiectomy
Testicular cancer is the most common malignancy in men
between 15 and 34 years of age. Radical orchiectomy is per-
formed for both definitive diagnosis and as the initial step of
treatment. Subsequent treatment depends on the histology and
stage of the tumor. Radical orchiectomy can be performed with
a regional or general anesthetic. It is important to gain at least
a T6 level to block sympathetic innervation. Patients with tes-
ticular cancer who receive bleomycin chemotherapy are at risk
for developing progressive pulmonary fibrosis. These patients
may be at increased risk for postoperative respiratory failure
with general anesthetic if they are exposed to high concentra-
tions of inspired oxygen or if an excessive amount of IV fluid is
administered.

Nephrectomy
Renal cell carcinoma has a peak incidence between the ages of
50 and 60 years with a 2:1 predilection for men. The tumor is
frequently associated with paraneoplastic syndromes including
hypercalcemia, erythrocytosis, hepatic dysfunction, and hyper-
tension. Surgical removal is the only effective treatment. In
approximately 5% of these patients, the tumor invades the infe-
rior vena cava (IVC). Depending on the extent of tumor inva-
sion into the central circulation, cardiopulmonary bypass with
deep hypothermic circulatory arrest may be required for com-
plete excision.

The kidney is usually approached via a lumbar flank, trans-
abdominal midline, or thoracoabdominal incision. A radical
nephrectomy includes removal of the kidney, surrounding fas-
cia, adrenal gland, and upper ureter. Consequently, the patient
should have adequate volume repletion to maintain perfusion
to the remaining kidney. Open nephrectomies are usually per-
formed in the “kidney rest position” or lateral flexed position.
The patient is placed in lateral decubitus position with the oper-
ating table extended for maximal separation between the iliac
crest and the costal margin. The kidney rest is then elevated to

625



Part 17 – Anesthesia for Renal and Urinary Tract Diseases

Table 98.6. Lasers used in urologic procedures

CO2 laser Intense heat with vaporization, minimal tissue penetration; unable to
penetrate water

Limited to cutaneous lesions of external genitalia

Argon laser Poorly absorbed by water, but selectively absorbed by Hgb and
melanin

Coagulation of bleeding in the bladder

Pulsed dye laser Generates a pulsed output Useful for destroying ureteral calculi

Nd-YAG laser Deep tissue penetration via protein denaturation with minimal
vaporization; can be used in water or urine

Excellent for lesions of the penis, urethra, bladder, ureters,
and kidneys

KTP-532 laser Frequency-doubled Nd-YAG laser, does not penetrate tissue as deeply Better cutting effect for lesions

Hgb, hemoglobin; Nd-YAG, neodymium-doped yttrium aluminum garnet.

raise the nondependent iliac crest for improved surgical expo-
sure. The physiologic effects of patient positioning for radical
nephrectomy are outlined in Table 98.7.

A preoperative ventilation–perfusion (V/Q) scan can detect
preexisting embolization of the thrombus. A level I thrombus
extends into the IVCbelow the liver. A level II thrombus extends
into the IVC, to the liver, but below the diaphragm. Last, a level
III thrombus extends into IVC, above the diaphragm, and into
the right atrium. A level II or III thrombus suggests the poten-
tial for a massive blood transfusion (usually 10–15 units, pos-
sibly exceeding 50 units of packed red blood cells [PRBCs]).
Therefore, venous access should be obtained accordingly. Cen-
tral venous cannulation should proceed with caution, how-
ever, as the potential to dislodge and embolize tumor thrombus
exists. A level III thrombus is a contraindication for flotation of
a pulmonary artery catheter. Cardiopulmonary bypass may be
employed when the tumor occupies more than 40% of the right
atrium.

Anesthetic technique
General endotracheal anesthesia is the customary anesthetic
choice for this procedure. A midthoracic epidural (T7–9) may
be used adjunctively for postoperative pain control. Extensive
fluid shifts and blood loss are to be expected as a result of
wide surgical exposure and the manipulation of major vascular
structures. Therefore, abundant venous access and direct arte-
rial monitoring are recommended.The patient’s baseline hema-
tocrit and renal function should be determined preoperatively.
Even in the absence of elevations in blood urea nitrogen (BUN)
and creatinine concentration, anesthetic drug doses may need
to be adjusted.These dose adjustments address the fact that the

Table 98.7. Physiologic changes associated with lateral flexed position

Decreased FRC in the dependent lung
V/Q mismatching as a result of increased blood flow to the dependent lung

with greater ventilation to the nondependent lung
Increased dead space ventilation proportional to the duration of procedure
Elevation of kidney rest may decrease venous return by compressing IVC
Inadvertent entry into the pleural space, a potential for a pneumothorax
Venous air embolism may occur through venous structures located above

the level of the heart

unaffected kidney has yet to initiate compensatory responses to
the loss of up to 50% of functional renal tissue.

Cystectomy
Bladder cancer occurs in patients with an average age of 65
years, and it is three times more common in men than in
women. Transitional cell carcinoma of the bladder is the sec-
ond most common cancer of the genitourinary tract. The stan-
dard of care for bladder cancerwithmuscular invasion is radical
cystectomy.

Anesthetic considerations
Radical cystectomy is usually performed with a midline inci-
sion extending from the symphysis pubis to the xiphoid process.
All the anterior pelvic organs, including the bladder, prostate,
seminal vesicles, and proximal urethra, are removed in men.
In women, the bladder, urethra, uterus, cervix, ovaries, and
anterior vaginal wall may also be removed. At the end of the
procedure a urinary diversion, which involves implanting the
ureters into a segment of bowel, is performed. The bowel is
left in situ (ureterosigmoidostomy) or attached to a cutaneous
stoma or urethra. The isolated bowel can function as a con-
duit (ileal conduit), and these channels can be constructed
from jejunum, ileum, or colon. The bowel may alternatively be
reconstructed to form a reservoir (neobladder). Reservoirs may
include ureterosigmoidostomy, small bowel (T-pouch), or large
bowel (Indian pouch).

Anesthetic technique
This surgical procedure may be associated with large intra-
operative blood loss and fluid shifts, implicating the need for
large-bore IV access, and possibly a central venous catheter
as well as an arterial line. A minimum time of 4 to 6 hours
is usually estimated for this procedure. General endotracheal
anesthesia with muscle relaxation is the mainstay of anesthetic
management, with optionalmidthoracic epidural anesthesia for
postoperative analgesia. Neuroaxial anesthesia may potentially
produce hyperactive bowel (from unopposed parasympathetic
activity), making the construction of a urinary reservoir techni-
cally difficult for the surgeon. This problem may be minimized
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through the use of glucagon, papaverine, or an anticholinergic
(glycopyrrolate). Reduction in urine output from prolonged
contact with bowel mucosa may result in hyponatremia,
hypochloremia, hyperkalemia, and metabolic acidosis in jeju-
nal conduits. Hyperchloremic metabolic acidosis may occur in
colonic and ileal conduits. Ureteral stents, adequate volume
replacement, and induced increases in urine output may help
alleviate this issue postoperatively.
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99 Kidney and pancreas transplantation
Thomas Edrich and Sayeed Malek

Kidney transplantation
End-stage renal disease (ESRD) requiring hemodialysis (HD) is
caused most frequently by diabetes mellitus, glomerulonephri-
tis, polycystic kidney disease, and arterial hypertension. The
first attempt at kidney transplantation in humans in 1933 by a
Ukrainian surgeon, Voronoy, failed due to organ rejection. Suc-
cess was achieved in 1954 when the immunologic barrier was
circumvented by transplanting between identical twins, at the
Peter Bent BrighamHospital in Boston. It was the introduction
of effective immunosuppressants, such as azathioprine, gluco-
corticoids, antilymphocyte agents, and cyclosporine, however,
that improved patient outcome. In comparison to HD, kidney
transplantation is now associated with superior quality of life
and better patient survival. It is also more cost-effective.

Prospective kidney recipients undergo rigorous preopera-
tive cardiac testing to exclude significant treatable coronary
artery disease, because cardiovascular disease is the leading
cause of death for adult kidney transplant recipients. Revas-
cularization may be preferable before kidney transplantation
because cardiopulmonary bypass would be detrimental to a
newly transplanted kidney.

The number of kidney transplants has increased steadily
over the past two decades. In 2004, the number of kidney trans-
plants from deceased donors in the United States exceeded
10,000 for the first time. However, both the wait list and wait
time have increased as well. According to the United Network
for Organ Sharing (UNOS) data, there are more than 72,000
patients on the deceased donor kidney transplant waiting list
in the United States.

Preoperative preparations
Patientsmay arrive for a scheduled transplant (i.e., living related
or unrelated donor), or they may be called in on a moment’s
notice when an organ from a deceased donor becomes avail-
able. Close communication with the transplant surgeon is
paramount to coordinate the timing as well as preoperative
medication.

The current practice at the author’s institution includes
the preoperative initiation ofmaintenance immunosuppression
using mycophenolate mofetil, which inhibits B and T lympho-
cytes. One dose is given the night before, and one the morning

before surgery. For unanticipated transplants, a single preoper-
ative dose is administered.

Establish which immunosuppressant the surgeon will
require intraoperatively: for patients who will receive intra-
operative thymoglobulin (rabbit antithymocyte globulin), one
dose of acetaminophen should be administered as prophylaxis
for commonly occurring fever, chills, headache, and malaise.
If an alternative T-lymphocyte antagonist such as basiliximab
will be used intraoperatively, then no acetaminophen will be
needed.

Intraoperative considerations
Induction of anesthesia should be timed sufficiently early to
allow for the possibility of difficult central venous access. This
will require tight communication with the surgical team har-
vesting the organ or with the team transporting the organ from
the outside hospital.

Induction of anesthesia should involve medications that
do not depend on renal function for their clearance and
should take the common comorbidities of renal patients
into account, as discussed earlier in Chapter 7. After anx-
iolysis with midazolam, patients who have not fasted or
may have delayed gastric emptying due to diabetic or ure-
mic gastropathy receive gastric acid neutralization with cit-
ric acid/sodium citrate followed by rapid-sequence induction
(RSI) of anesthesia. Safe medications typically include thiopen-
tal, propofol, fentanyl, and hydromorphone. Morphine and
meperidine should be avoided, as the active metabolites mor-
phine 3- and 6-glucuronide and normeperidine are depen-
dent on renal excretion and can cause over-narcotization
(morphine) and seizures (meperidine). Succinylcholine is
administered if the serum potassium level is not elevated and if
there are no contraindications, such as concurrent neuromus-
cular disorders, history of burns, or malignant hyperthermia.
Rocuronium can be an alternative to succinylcholine if RSI is
required. Otherwise, an awake fiber-optic intubation may be
advisable.

Central venous access is used for both intraoperative and
postoperative assessment of volume status in an attempt tomax-
imize cardiac output to the new kidney. Patients with ESRD on
HD often have had previous central lines, making intravascular
thrombi and strictures more likely. Ultrasound may clarify the
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vascular anatomy and facilitate central venous catheter place-
ment into the internal jugular vein. Occasionally, patients may
have an indwelling central line in place already – such lines
should be accessed with sterile precautions because their use
represents a considerable risk of infection. Also, any heparin-
containing locking solution must be withdrawn (withdraw �
5 ml) before use to avoid systemic anticoagulation. An arterial
line is not required routinely unless warranted by comorbidi-
ties.

Immunosuppressants, such as methylprednisolone sodium
succinate and the T-lymphocyte antagonist basiliximab or thy-
moglobulin, are administered after induction but before the
transplanted kidney is reperfused. Diphenhydramine can be
given before thymoglobulin to attenuate side effects.

Implantation of the kidney
The kidney is typically placed in a heterotopic position while
leaving the native kidneys in place as shown in Fig. 99.1. The
right iliac fossa is chosen most frequently because of the more
superficial location of the iliac vein on this side. After vascular
anastomosis of the renal artery to the external or internal iliac
artery and the renal vein to the external iliac vein, the donor
ureter is anastomosed to the bladder. A triple-lumen Foley uri-
nary catheter can be used to fill the bladder during the uretero-
neocystostomy.

Reperfusion of the new kidney
Before the cross-clamp is released, the intravascular filling
and cardiac output should be optimized. Our practice is to

Figure 99.1. Kidney graft in the right iliac fossa.

administer 4 to 8 liters of crystalloid in the prereperfusion
period, attaining a central venous pressure (CVP) of 15 and a
systolic bloodpressure greater than 140mmHgormean arterial
pressure (MAP) greater than 70mmHgwhile avoiding all vaso-
pressor medications. If necessary, a low-dose dopamine infu-
sion (i.e., �5 �g/kg/min) is started. Dopamine is advantageous
compared to other inotropes because it improves renal perfu-
sion while minimizing vasoconstriction and graft ischemia.

Postoperative course
Patients are usually extubated and recover in the postanes-
thesia recovery unit at our institution. Close monitoring of
urinary output is recommended. Maintenance of an appro-
priate intravascular volume optimizes renal function and is
facilitated by monitoring the CVP. It is generally wise to
avoid the use of medications that may alter the prostaglandin-
mediated vasoregulation in the new kidney (these medi-
cations include ketorolac, celecoxib, and nonsteroidal anti-
inflammatory drugs). Epidural anesthesia is also avoided to
minimize risk of hypotension and because the incision is rel-
atively small.

Pancreas and kidney–pancreas
transplantation
Type-1 diabetes affectsmore than 2million people in theUnited
States with approximately 30,000 new cases diagnosed each
year. It is the sixth leading cause of death and the leading cause
of kidney failure and blindness (in adults aged 20–74 years).The
total estimated cost of diabetes in the United States for 2002 was
$132 billion, with $92 billion in direct medical costs.

Simultaneous pancreas–kidney (SPK) transplants from
deceased donors are an option for diabetic patients with ESRD,
enabling the patient to become insulin- and dialysis-free. Acute
rejection rates are lower than those in pancreas transplantation
alone (PTA). Other options include pancreas transplantation
after living-donor kidney transplantation (PAK), simultaneous
deceased-donor pancreas and living-donor kidney transplant
(SPLK), and living-donor simultaneous (partial-) pancreas–
kidney transplant.

Pancreas transplantation alone is indicated in nonuremic
patients in whom complications, such as ketoacidosis or hypo-
glycemic episodes, continue despite intensive insulin ther-
apy. Here, the risks of transplantation and subsequent chronic
immunosuppression may be justified to achieve insulin inde-
pendence.

Anesthetic management of patients receiving pancreas
transplants alone, after, or simultaneously with a kidney trans-
plant is similar to that of patients receiving kidney transplanta-
tion, with a few differences as detailed below.

Preoperative initiation of immunosuppression using myco-
phenolate mofetil is followed by intraoperative immunosup-
pression with methylprednisolone and thymoglobulin given
after induction of anesthesia but before implantation of the
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Figure 99.2. Combined kidney and pancreas transplantation. Pancreatic
secretions are drained from a short segment of donor duodenum into the
jejunum.

pancreas and/or kidney (premedicate with acetaminophen and
diphenhydramine). In addition, all medications, such as peri-
operative antibiotics and dopamine, should be available in a
dextrose-free form, and any insulin pumps should be discon-
tinued. It is our practice to place both central venous line and
arterial line for intraoperative and postoperative management.
Baseline lipase and amylase levels should be recorded for refer-
ence for later rejection monitoring.

Implantation of the pancreas most frequently occurs into
the right iliac fossa with the donor portal vein anastomosed
to the recipient iliac vein. Arterial perfusion is supplied via
anastomosis from the recipient iliac artery to a brief section
of donor iliac artery which is, in turn, anastomosed to the
donor splenic artery and donor superior mesenteric artery. As
shown in Fig. 99.2 (which shows both pancreas and kidney
transplants), the donor pancreas can be maintained in con-
tinuity with a section of donor duodenum which is anasto-
mosed to the recipient’s small bowel for drainage of the exocrine
secretions. Alternatively, the duodenum section can be anas-
tomosed to the recipient’s bladder. An advantage of the blad-
der drainage is the ability to measure the exocrine function
of the pancreas in the urine. A drop in urine amylase can
indicate rejection and will occur before hyperglycemia occurs.
Serum amylase will often increase but is less sensitive than
urine amylase. Complications such as acidosis (loss of alka-
line pancreas secretions), infection, urethritis, and hematuria
are frequent. Drainage into the small bowel (as shown in
Fig. 99.2) has fewer long-term complications and is performed
more frequently in SPK. In these patients, rejection almost
always affects both organs, so serum creatinine is used as an
indicator for both kidney and pancreas rejection.

A simultaneously transplanted kidney is typically posi-
tioned in the opposite iliac fossa and anastomosed as described
earlier in this chapter.

Reperfusion of the new pancreas can cause hypotension
fromdiffuse bleeding from the graft as well as from vasodilation
from mediators in the pancreas. It is our practice to maintain a
MAP of 70 mmHg or greater when the cross clamp is removed
using crystalloids and blood as needed. In contrast to the kidney
transplants, in pancreas transplants overhydration is generally
avoided so as to reduce the risk of pancreas edema. Therefore,
we use low-dose dopamine (�5 �g/kg/min) if a CVP of 10 to
14 does not suffice to maintain a MAP of 70.

Endocrine function of the pancreas is expected to begin
soon after reperfusion, and glucose levels are monitored every
30 minutes. Any glucose or insulin administration should be
communicated clearly to the surgical team because it will alter
the assessment of the graft. Note that epidural anesthesia is not
routinely employed (1) so that risk of hypotension isminimized
and (2) because of the possible perioperative use of intravenous
heparin.

Anesthesia management
for the living-kidney donor
Related or unrelated donors are usually healthy und currently
undergo a mortality risk of 0.05%. If possible, the left kidney is
explanted due to presence of a longer renal vein. A laparoscopic
technique is commonly employed, thus minimizing postopera-
tive pain. Most commonly, general anesthesia is used without a
regional technique as these patients can typically be discharged
from the hospital on the second postoperative day.
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100 Anesthesia for intra-abdominal surgery
Khaldoun Faris and Faraz Syed

Intra-abdominal surgery is a broad term that includes vari-
ous operations within the abdominal cavity that involve the
gastrointestinal (GI) system, genitourinary system, gyneco-
logic system, and endocrine system. This chapter, however,
focuses mainly on surgical procedures involving the GI tract
and addresses a general approach that may be applicable to
many procedures within the abdominal cavity and specific GI
disorders.

General principles
Risk of aspiration
Aspiration, with its associated morbidity, is a potential risk in
major abdominal surgery, whether elective (bariatric surgery,
fundoplication) or emergent (acute abdomen, bowel obstruc-
tion) procedures. The incidence of pulmonary aspiration in
the perioperative period is rare (�5/10,000 general anesthetic).
Measures to prevent pulmonary aspiration of gastric contents
are listed in Table 100.1. Perioperative pulmonary aspiration
prophylaxis is discussed in Chapter 40. Additional considera-
tions include the following:

� The gastroesophageal sphincter (GES) plays an important
role in preventing the aspiration of gastric contents. The
GES tone is altered or impaired in clinical conditions such
as morbid obesity and hiatal hernia, and during anesthesia.
Most anesthetics and analgesics alter the GES tone.

� Impaired gastric emptying due to obesity, bowel
obstruction, or other disorders will lead to increased
volume and acidity of the gastric contents.

Fluid management
Abdominal surgerymay be associated with significant fluid loss
as well as significant fluid shifts. These fluid changes may occur
preoperatively as well as intraoperatively. Preoperative factors
include bowel preparation (elective surgery) and vomiting, gas-
tric decompression and/or drainage, sequestration of fluid,
diarrhea, and bleeding (urgent surgery). Intraoperative, factors
include insensible losses (traditionally assumed to amount up
to 4–8 ml/kg/h for major abdominal surgery, a number that
appears grossly overestimated in experimental models, which

show amodest increase from 0.5 ml/kg/h at baseline to approx-
imately 1 ml/kg/h even with extensive surgical exposure of the
gut), intraoperative bleeding, gastric drainage, and drainage
of ascites. Thus, large-bore peripheral intravenous (IV) access
may be necessary. Arterial and central lines may also be cho-
sen to better manage hemodynamic changes associated with
fluid shifts even though central venous pressure (CVP) and/or
pulmonary capillary wedge pressure (PCWP) measurements
do not predict fluid responsiveness and therefore are unable
to guide the clinician in optimizing cardiac preload and tissue
oxygenation.

Preoperative assessment of fluid status and careful monitor-
ing of volume administration and fluid output during the pro-
cedure lead to better assessment of hemodynamic status and
prevent complications of under- (as well as over-) resuscita-
tion. The choice of fluid, whether crystalloid or colloid, is left
to the judgment of the anesthesiologist and to the clinical
condition of the patient. Frequent blood sampling to evaluate
hemoglobin concentration, coagulation status, electrolytes, and

Table 100.1. Strategies to prevent pulmonary aspiration

Measure Comments

NPO for elective surgery 8 h for solid food, 2 h for clear liquids

Decreased gastric acidity H2 blockers (e.g., ranitidine 50 mg IV or
famotidine 20 mg IV),
Proton pump inhibitors (e.g., pantoprazole 40
mg IV or esomeprazole 20 mg IV)

Enhancement of gastric
emptying

Metoclopramide: 10 mg IV 20–30 min before
induction (inject over 1–2 min)

Contraindicated in patients with obstruction
or perforation

Nasogastric
decompression

Nasogastric tube itself could impair the GES
and would not assure an empty stomach

Rapid sequence
induction +/− cricoid
pressure

Cricoid pressure should be avoided in cases
of active vomiting or if the cervical spine is
unstable

Cuffed endotracheal tube Uncuffed tube or supraglottic airway device
such as laryngeal mask airway (LMA) may not
prevent aspiration

Awake intubation Awake intubation should be considered in
cases of high risk of aspiration coupled with
difficult airway, although topical anesthesia
can ablate airway reflexes
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arterial blood gases may be needed in prolonged procedures
associated with significant blood loss.

Anesthetic technique
General anesthesia continues to be the mainstay of anesthetic
management for major abdominal surgery. Although regional
anesthesia (continuous epidural or spinal) could be the sole
anesthetic in high-risk patients with significant pulmonary
disease, this approach is rarely used in modern practice. Low
thoracic epidurals are frequently used as adjuncts for intraop-
erative maintenance of anesthesia and for postoperative pain
control. The use of thoracic epidural techniques as adjuncts to
general anesthesia formajor abdominal surgery has been shown
to improve postoperative analgesia, decrease respiratory fail-
ure, and enhance ileus resolution, but not to decrease mortality.
The risk of epidural hematoma and abscess, with a potential for
permanent paralysis, albeit rare, should be kept in mind when
deciding to place an epidural for elective abdominal surgery.

A balanced general anesthetic technique with an inhala-
tional agent and an opioid or total IV anesthesia are both
suitable anesthetic techniques for abdominal surgery. Muscle
relaxation is often needed to improve surgical exposure and to
facilitate abdominal closure. The use of nitrous oxide (N2O)
has been debated for years due to its ability to diffuse into
gas-containing body cavities, thus theoretically distending the
bowel and impairing surgical exposure. Therefore, some anes-
thesiologists avoid N2O in major abdominal surgery reason-
ing that additional bowel distention could be harmful. Data
supporting higher inspiratory oxygen concentration combined
with mild hypercapnia as a means to improve outcome by
reducing anastomotic leaks and wound infections should ren-
der obsolete the question as to whether to use N2O in these
cases.

Most patients undergoing abdominal surgery will be extu-
bated successfully in the operating room (OR), but patients who
require large amounts of fluid and blood products and who
exhibit facial and airway edema and those with hemodynamic
or respiratory instability should be kept intubated and venti-
lated in the intensive care unit (ICU). Extubation should be per-
formed when the edema has resolved and hemodynamic and
respiratory stability are achieved.

Intraoperative considerations
Heat loss
Abdominal surgery is associated with significant heat loss;
therefore, the patient’s temperature should be measured rou-
tinely. Items used to prevent hypothermia and associated com-
plications include forced-airwarming blankets andhumidifiers.
The intraoperative use of warming blankets can reduce convec-
tive heat loss, has been shown to improve operative outcome,
and should be considered in every patient undergoing abdom-
inal surgery. Fluid warmers should be used when large vol-
umes of fluid are to be administered. For certain surgeries with

significant heat loss and in children, the ambient temperature
of the OR should be raised.

Pulmonary complications
Significant retraction, carbon dioxide (CO2) insufflation for
laparoscopic surgery, and Trendelenburg position will elevate
the diaphragm and decrease the functional residual capac-
ity (FRC), potentially leading to hypoxia and hypoventilation.
Adding positive end-expiratory pressure (PEEP) increases FRC
and may help improve oxygenation and ventilation. The dif-
ficulty with ventilation may stem from the causative disor-
der itself. For example, high peak pressures and difficulty in
maintaining adequate tidal volumes may be associated with
intra-abdominal processes, such as abdominal compartment
syndrome.

Unwanted diaphragmatic movement (hiccup)
Intermittent spasms of the diaphragm due to diaphragmatic
irritation and visceral stimulation may be troublesome to the
surgeon. They can also interfere with effective mechanical ven-
tilation. If the diaphragmatic movements are significant and
immobility is needed, the anesthesia may be deepened or an
additional dose of muscle relaxant may be given.

Mesenteric traction syndrome
This syndrome involves sudden onset of tachycardia, hypoten-
sion, and flushing associated with excessive traction on the
mesentery. Although the exact pathophysiology is unknown,
the release of prostacyclin and possibly histamine may play a
role in the etiology. Cyclooxygenase (COX) inhibitors such as
IV ketorolac may be used to prevent the syndrome, although
their use should be discussed with the surgeon, as their platelet-
inhibiting effects may be undesirable during surgery. H1- and
H2- antihistamines also play a role in the prevention of this
syndrome.

Postoperative ileus
Ileus is a major complication of abdominal surgery. The
etiology involves pain, surgical stress, electrolyte and fluid
imbalance, and the use of opioids. Opioids bind to �-opioid
receptors, depressing GI motility and worsening the ileus.
Therapeutic options to minimize ileus are mostly supportive
and include limiting the use of parenteral opioids, using tho-
racic epidural analgesia, instituting early feeding and mobility,
and using laparoscopic surgery. Epidural analgesia in any
location sufficient to provide analgesia for abdominal surgery
has a protective role against postoperative ileus by decreasing
sympathetic autonomic activity. This decrease in sympathetic
autonomic activity leaves parasympathetic autonomic outflow
relatively unopposed. Alvimopan and methylnaltrexone,
peripherally acting selective �-opioid receptor antagonists,
have been recently shown to accelerate GI tract recovery after
bowel resection.
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Postoperative infection
Abdominal surgery is an independent risk factor for surgical
site infection (SSI). Although many factors contribute to the
risk of SSI, several could be manipulated intraoperatively by
the anesthesiologist. These factors include hypoxia, hypother-
mia, hyperglycemia, and blood transfusion. Thus, measures to
minimize the likelihood of postoperative infection should be
undertaken, including the use of a hyperoxic gasmixture, avoid-
ance of hypothermia, tight glycemic control, and minimizing
blood transfusion, and timely administration of appropriate
antibiotics.

Specific GI disorders
Bowel surgery
Surgery of the bowel (Table 100.2) is indicated for a vari-
ety of disorders including obstruction, perforation, tumor
resection, and inflammatory bowel disease. General anesthesia
supplemented with a thoracic epidural is often the preferred
technique. Postoperative ileus is the most common complica-
tion (approximately 7.5%). The mechanism may be multifacto-
rial, but the choice of anesthetic seemingly does not play a role
in the development of this complication.

� Bowel obstruction involving the small bowel, the large
bowel, or both is associated with volume derangements
secondary to severe vomiting and fluid sequestration.
Patients with bowel obstruction are treated as having a full
stomach, and measures to prevent aspiration should be
taken as outlined previously. If time permits, fluid and
electrolyte abnormalities should be corrected prior to
induction of general anesthesia.

� Patients with bowel perforation may be septic and
susceptible to severe hemodynamic changes upon
induction. These patients must also be treated as having a
full stomach, and fluid and electrolyte abnormalities must
be corrected. Invasive monitoring to facilitate tight blood
pressure control should be considered.

� Patients with inflammatory bowel disease are often placed
on glucocorticoid therapy for flare-ups, and the need for
stress dose glucocorticoids must be determined. These
patients may also be severely volume depleted secondary
to persistent diarrhea. Furthermore, those patients
presenting with toxic megacolon may be severely septic
and critically ill.

Splenectomy
Patients may undergo elective splenectomy for hematologic
disorders (i.e., idiopathic thrombocytopenic purpura) or may
require a splenectomy as part of a staging procedure for
their malignancy. Patients with hematologic disorders may
present with anemia, thrombocytopenia, and/or other coagu-
lopathies. Patients with a prior history ofmalignancymay be on

Table 100.2. Anesthetic management of GI disorders

GI disorders Anesthetic management

Bowel obstruction Correction of fluid imbalance and electrolytes
Aspiration precautions
Metoclopramide is contraindicated

Bowel perforation Correction of fluid imbalance and electrolytes
if possible, but should not delay surgery

Aspiration precautions
Metoclopramide is contraindicated
Anticipate sepsis and hemodynamic instability

Crohn’s/ulcerative colitis Correction of fluid imbalance and electrolytes
Consider glucocorticoids
Toxic megacolon may be present

Splenectomy for ITP and
malignancies

Anticipate anemia and thrombocytopenia
Consider stress dose glucocorticoids
Large-bore IV access
Transfusing platelets after the splenic vessels

are ligated minimizes platelet sequestration

Emergent splenectomy
for ruptured spleen

Anticipate multiple injuries with significant
blood loss and hemodynamic instability

Large-bore IV access
Blood products should be available
Aspiration precautions

Pancreatitis Correction of fluid imbalance and electrolytes
Anticipate SIRS and organ dysfunction

Whipple procedure for
pancreatic tumor

Significant fluid loss, bleeding, hypothermia,
and prolonged operative time are all
possible

Large-bore IV access
Consider invasive monitoring
Consider thoracic epidural

Carcinoid syndrome Evaluate for cardiomyopathy
Avoid drugs causing histamine release
Anticipate need for fluid resuscitation
May need central access for potent

vasopressors
Octreotide blunts much of the carcinoid

response

Abdominal
compartment
syndrome

Large-bore IV access
Invasive monitoring
Vasopressors
Consider an ICU ventilator
Anticipate sudden hemodynamic changes

following the decompression of the
abdomen

ITP, idiopathic thrombocytopenic purpura; SIRS, systemic inflammatory
response syndrome.

long-standing glucocorticoid therapy and may have systemic
effects from their chemotherapeutic regimens.

Non-elective splenectomy may take place in patients with
traumatic ruptured spleen and in those with a spontaneous
rupture. These patients may have other considerations, such as
difficult airway, multiple severe injuries, hemodynamic insta-
bility, and/or full stomach. Large-bore IV access is necessary, as
major blood loss is possible. When considering platelet trans-
fusion in thrombocytopenic patients, the patients should be
transfused after the splenic vessels are ligated, as the platelets
will otherwise be sequestered in the soon-to-be-removed
spleen.
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Pancreatic surgery
Patients for pancreatic surgery usually have acute pancreatitis,
pancreatic cancer, a neuroendocrine pancreatic tumor, or com-
plications of chronic pancreatitis (pseudocyst or abscess).

� Patients with acute pancreatitis are usually managed
medically. If surgical intervention is necessary, severe
electrolyte abnormalities including hypocalcemia and
hyperglycemia may be present and should be corrected
preoperatively. Intravascular volume depletion, due to
third spacing of fluids and bleeding, systemic
inflammatory response syndrome, and organ dysfunction,
may be present and should be anticipated.

� TheWhipple procedure is usually performed for
cystadenocarcinoma of the head of the pancreas, and it
consists of partial pancreatectomy, pancreatojejunostomy,
gastrojejunostomy, and choledochojejunostomy. The
Whipple procedure is historically associated with major
intraoperative fluid loss, bleeding, hypothermia, and
prolonged operative time, although improved surgical
techniques have mitigated these problems. Large-bore IV
access and invasive monitoring are usually required for
fluid replacement, hemodynamic monitoring, and frequent
arterial blood sampling. Epidural analgesia can supplement
general anesthesia and provides postoperative analgesia.
The epidural infusion of local anesthetic and opioids may
be started intraoperatively if the patient is stable
hemodynamically. The decision for extubation in the OR
should be based on the level of hemodynamic and
homeostatic stability. Infusion of large volume loads and
the presence of facial edema should temper enthusiasm for
immediate extubation.

Carcinoid syndrome
This is a rare syndrome caused by carcinoid tumors that
release various hormones, including serotonin. It is character-
ized by cutaneous flushing, tachycardia, hypotension or hyper-
tension, bronchospasm, and diarrhea. Surgical excision may
produce a life-threatening carcinoid crisis but remains the
treatment of choice. Patients with untreated carcinoid may
develop cardiomyopathy (carcinoid heart disease). Retrospec-
tive analyses showed that patients who experienced periopera-
tive mortality had a higher frequency of carcinoid heart disease
and had higher urinary 5-hydroxyindoleacetic acid (5-HIAA)
levels. Patients who received intraoperative octreotide experi-
enced fewer intraoperative complications than those who did
not. There appears to be no role for preoperative octreotide.
Intraoperative management involves fluid resuscitation, vaso-
pressors, correction of electrolyte imbalance, octreotide admin-
istration, and avoidance of drugs that cause histamine release
(morphine, succinylcholine, atracurium, mivacurium). Every
patient presenting to the OR with carcinoid tumors should
undergo preoperative cardiac imaging (echocardiography) and
cardiac function testing to assess cardiac function, particularly

function of the right side of the heart. A thorough cardiac
assessment is important because 50% of patients with carcinoid
tumors develop the typical endocardial plaques of fibrous tissue
involving the tricuspid valve, pulmonary valve, the vena cava,
and the pulmonary artery and are therefore at risk for right
heart failure. Leftheart involvement is rare, but if present should
raise the suspicion for extensive liver metastasis, bronchial car-
cinoid, or a patent foramen ovale.

Abdominal compartment syndrome
The abdominal compartment syndrome is defined as intra-
abdominal hypertension in association with worsening organ
dysfunction. It is caused by a variety of disorders that lead
to the elevation of intra-abdominal pressure and consequently
hemodynamic instability, decreased lung compliance, and renal
impairment. Causes include blunt and penetrating trauma,
burns, major abdominal surgery, large fluid resuscitation, and
refractory ascites. In addition to the hemodynamic and venti-
latory support, prompt surgical decompression is required (see
Chapter 172).

The anesthesiologist should be prepared to deal with hemo-
dynamic instability, acute renal failure, and poor ventilation
and oxygenation. Large-bore IV access is useful, and a cen-
tral venous pressure catheter allows measurement of CVP and
administration of potent vasoactive agents. In the case of sig-
nificant ventilatory support requirements, a sophisticated ICU
ventilator may be needed in the OR. Fortunately, manymodern
anesthesia machines feature such capabilities. Blood products
should be available if bleeding is anticipated.The hemodynamic
status usually improves with restoration of venous return. Sud-
den hypotension occasionally occurs upon decompression of
the abdomen and should be treated promptly with fluid boluses
and vasopressors.
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Chapter

101 Laparoscopic surgery
Kai Matthes and Bhavani S. Kodali

Minimally invasive surgical procedures, when compared to
conventional open procedures, are associated with significantly
less trauma and the potential advantages of reduced postopera-
tive pain, shorter length of hospitalization, rapid recovery, and
decreased health care costs. Laparoscopy produces significant
physiologic changes associated with peritoneal carbon dioxide
(CO2) insufflation and alteration in patient position that can
have amajor impact on cardiopulmonary function, particularly
in patients with significant comorbidities.

Physiologic effects of laparoscopic procedures
The physiologic effects of laparoscopy are related to the com-
bined effects of creation of a pneumoperitoneum, alteration of
patient position, and effects of systemic absorption of CO2.

Hemodynamic effects
During laparoscopy, cardiac output decreases to a variable ex-
tent depending on intra-abdominal pressure (IAP) and patient
position, despite an increase in systemic blood pressure (Fig.
101.1). A characteristic response during the initiation of the
pneumoperitoneum is an initial fall of the cardiac index with a
subsequent partial recovery. Left ventricular end-diastolic vol-
ume is reduced during laparoscopy. Intrathoracic pressure is
increased, and that commonly results in increased right atrial
and pulmonary artery occlusion pressures.

The heart rate is minimally increased or unchanged. In-
creased circulating concentrations of catecholamines, renin,
angiotensin II, and vasopressin cause an increase in systemic
and pulmonary vascular resistance. Compression of arterial
vasculature contributes to the increase in afterload. The reduc-
tion in splanchnic circulation is an effect of the pneumoperi-
toneum that may be counterbalanced by the direct splanchnic
vasodilating effects of CO2. Mesenteric ischemia, however, has
been reported following laparoscopy.

Effects of CO2 absorption
CO2 is used for abdominal insufflation, as it is noncombustible
and is more soluble in blood than is O2, nitrous oxide (N2O),
or air. The absorption of insufflated CO2, however, may lead
to hypercapnia and respiratory acidosis that cause a decrease
in myocardial contractility, lowered arrhythmia threshold,

arteriolar dilatation, and decreased systemic vascular resis-
tance. These responses are modulated by mechanical and neu-
rohumoral responses resulting in catecholamine release. The
PaCO2 increases progressively to reach a plateau 15 to 30
minutes after insufflation of CO2 is initiated. This extent of
increase in PaCO2 is unpredictable, particularly in patients
with severe pulmonary disease. The increase in PaCO2 results
in significant decreases in pH and the requirement for an
increase inminute ventilation. CO2 absorption is greater during
extraperitoneal (pelvic) insufflation than during intraperitoneal
insufflation.

Respiratory effects
During laparoscopy, lung volumes are reduced due to a cepha-
lad shift of the diaphragm caused by abdominal insufflation.
The pulmonary compliance is decreased, resulting in increased
peak airway pressures and a reduction in functional residual
capacity (FRC). There is ventilation-perfusion mismatch that
may cause hypoxemia. There is an increase in intrathoracic
pressure that adds to the decrease in lung compliance.

Hemodynamic effects of pneumoperitoneum
There is a biphasic cardiovascular response to increases in IAP.
At an IAP of less than 10 mmHg, there is an increase in venous
return, probably from reduction in splanchnic sequestration of
blood, with a subsequent increase in cardiac output and arterial
pressure.This response, however, is blunted by hypovolemia. At
an IAP of more than 20 mm Hg, compression of the inferior
vena cava leads to a decreased venous return from the lower
body and consequent decreased cardiac output. Increased renal
vascular resistance at an IAP of more than 20 mmHg decreases
renal blood flow and glomerular filtration rate (GFR).

Urine output during pneumoperitoneum is diminished, but
it increases following deflation of the abdomen. An increase
in cerebral blood flow velocity and intracranial pressure is
observed, which may complicate the anesthetic management of
patients with intracranial mass lesions.

Effects of patient positioning
Patient position during laparoscopy varies depending on
the procedure performed. For laparoscopic cholecystectomy,
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Figure 101.1. Physiologic effects of laparoscopy.

reverse Trendelenburg position with left lateral tilt is chosen to
facilitate retraction of the gall bladder fundus and to minimize
diaphragmatic dysfunction.This position improves pulmonary
dynamics but may result in decreased venous return with a
reduction in left ventricular end-diastolic volume. Increased
IAP and the head-up position predispose to thromboembolism
due to decreased femoral vein blood flow and lower limb
venous stasis.TheTrendelenburg position (for gynecologic pro-
cedures), in contrast, increases central blood volume, decreases
diaphragmatic excursion, and causes pulmonary congestion.
The ventilation–perfusion mismatch may result in hypoxemia,
particularly in obese patients or in patients with pulmonary dis-
ease. Care should be taken so that the endotracheal tube does
not slip into a mainstem bronchus during position changes.

Capnography during laparoscopic surgery
Capnography has three important applications during laparo-
scopic surgery. First, it serves as a noninvasive monitor of
PaCO2 during CO2 insufflation and, therefore, can be used to
adjust ventilation. Second, it may help in the detection of acci-
dental intravascular CO2 insufflation.Third, it may also help in
the detection of other complications of CO2 insufflation, such
as pneumothorax or pneumomediastinum.

Prolonged intra-abdominal insufflation with CO2 during
upper abdominal laparoscopic surgery does not significantly
affect the reliability of partial end-tidal CO2 (PETCO2) mon-
itoring in predicting PaCO2 in healthy American Society of
Anesthesiologists (ASA) I and II subjects and elderly patients.
In ASA III and IV patients, however, PETCO2 may not
reflect changes in PaCO2 during insufflation due to changes
in alveolar dead space consequent to reduced cardiac output
or ventilation–perfusion mismatch. Therefore, direct arterial
PaCO2 monitoring is recommended in patients with signifi-
cant cardiorespiratory diseases. An arterial line is reasonable to
monitor PaCO2 in ASA III and IV patients for three important
reasons:

(1) The end-tidal PCO2 is not a reliable index of PaCO2;
(2) The normal gradient of 3 to 5 mmHg between PaCO2

and PETCO2 is increased; and
(3) Even with normal PETCO2, achieved by increasing

minute volume, PaCO2 may be as high as 50 mmHg,
resulting in respiratory acidosis.

Occasionally during the course of laparoscopic surgery the
arterial-end tidal (a-ET)PCO2 gradient may be negative in
adults, in which case PETCO2 overestimates PaCO2. The inci-
dence of negative gradients is higher in infants and children
undergoing laparoscopic surgery. Low frequency, high tidal vol-
ume ventilation will open hitherto closed alveoli, the CO2 from
which will now be seen as an increase in the slope of phase III of
the capnogram. A low FRC coupled with increased CO2 deliv-
ery to the alveoli can exacerbate this response, thereby increas-
ing the frequency of occurrences of negative (a-ET)PCO2 values
during laparoscopic surgery.

Anesthetic considerations
Choice of anesthetic technique
Although reports about laparoscopic procedures performed
under spinal or epidural anesthesia have been documented, the
requirement of a pneumoperitoneum and change in patient
position commonly limits these procedures to general anes-
thesia. Endotracheal intubation and controlled mechanical
ventilation are required to reduce the increase in PaCO2 and
counterbalance the respiratory side effects of the Trendelenburg
position. For alternative viewpoints, see Chapter 103.

Recent studies demonstrate the feasibility and safety of using
a ProSealTM laryngeal mask airway (LMA) for laparoscopic
procedures with the advantage of a decreased postoperative
analgesia requirement and a lower incidence of postoperative
nausea and vomiting (PONV). There is supporting evidence
that LMAsmay be used successfully with positive pressure ven-
tilation, but many anesthesiologists are still reluctant to choose
an LMA when positive pressure ventilation is needed. Even
though the risk appears to be low, the increased IAP during
laparoscopy may predispose to regurgitation and aspiration of
gastric contents.

Monitoring
All patients should have ASA standard monitoring. Invasive
monitoringmay be indicated in ASA III and IV patients to eval-
uate the cardiovascular response to pneumoperitoneum and
during position changes. ETCO2 monitoring as a surrogate
for PaCO2 is recommended to adjust minute ventilation. (An
increase of approximately 50% in tidal volume and respiratory
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rate is required to maintain PETCO2 closer to preinsufflation
values). Pressure–volume loop monitoring may be helpful in
identifying airway complications. PaCO2 monitoring by inter-
mittent blood gas analysis is recommended for patients with
severe pulmonary disease.

Maintenance
A balanced anesthetic technique consisting of opioids (fentanyl
on induction, andmorphine or hydromorphone for long-acting
pain control), muscle relaxants, and volatile anesthetic is used.
The use of N2O is controversial because it may theoretically dif-
fuse into air-filled spaces and cause distention of the bowel.The
diffusion coefficients of N2O and CO2 are similar enough so
that there would be no clinically relevant diffusion of N2O into
CO2-filled spaces. In addition, the use of N2Omay increase the
incidence of PONV.

An orogastric tube is inserted to decompress the stomach.
A urinary catheter may be inserted to decompress the bladder.
Thepatient is hyperventilated to decrease theETCO2 to approx-
imately 30 mmHg prior to abdominal insufflation of CO2. The
patient’s muscles should be adequately relaxed prior to the ini-
tial trocar insertion since it is inserted blindly. Perforation of the
inferior vena cava and aorta have been reported to occur during
trocar insertion. A vagal response may also occur during trocar
insertion.

Intraoperative hypertension should be treated with ade-
quate pain control, deepening of the anesthesia, and adminis-
tration of an antihypertensive such as labetalol or metoprolol, if
indicated. Control of pain may be achieved via a multimodal
analgesic regimen combining opioids, COX inhibitors, and
local anesthetic infiltration. The nonselective COX inhibitor
ketorolac (30 mg) is being increasingly administered near the
end of procedures.

Laparoscopic procedures are frequently associated with an
increased risk of PONV. Serotonin receptor antagonists
(ondansetron, granisetron, dolasetron, and palonosetron),
compared with traditional antiemetics, are highly efficacious
for PONV. It is likely that combined antiemetics with different
sites and mechanisms of action would be more effective than
one drug alone for the prophylaxis against PONV, especially
in high-risk patients. Adding dexamethasone to ondansetron
or granisetron improves antiemetic efficacy in PONV. Dexa-
methasone should be given early during the surgery, preferably
before any emetogens.

Laparoscopy in pregnant patients
The current evidence suggests that laparoscopic surgery is safer
than laparotomy during pregnancy and does not have a sig-
nificant impact on the course of pregnancy or fetus. Contrary
to studies in a model using pregnant sheep, maternal PaCO2
can be maintained within reasonable limits during peritoneal
insufflations in pregnant patients. Increasing ventilation by
about 50% from the baseline during insufflation and maintain-
ing PETCO at approximately 32–34 mm Hg assures that the

maternal PaCO2 is in a similar range.Monitoring arterial blood
gases is not necessary unless there are accompanying respira-
tory and cardiac comorbidities. Cardiac output decreases from
baseline values during peritoneal insufflations. Therefore, it is
essential tomaintain blood pressure within 20% of baseline val-
ues with boluses of ephedrine. It is also imperative to place a
wedge under the right side of the patient to ensure left uterine
displacement to maintain near-normal uterine perfusion dur-
ing surgery. Our study has demonstrated that the maximum
PaCO2 occurs during the immediate postoperative period.
Opioids should be administeredwith caution, since an overdose
can depress ventilatory drive, contributing to a further increase
in PaCO2.

Laparoscopy in infants and children
Capnographyhas beenproven to be an excellent guide in adjust-
ing ventilation during CO2 insufflation in infants and children.
Monitoring PETCO2, however, may overestimate PaCO2 and
consequently can result in hyperventilation during laparoscopic
surgery in children. PETCO2 often overestimates PaCO2 dur-
ing laparoscopy in children; thus, arterial blood gas analysis
should be performed during long procedures to avoid hyper-
ventilation.

Laparoscopy in obese patients
Laparoscopic procedures usually take longer in obese patients
than in patients with a normal body weight and result in a
prolonged exposure to the general anesthetic. In overweight
patients, the pneumoperitoneum and the Trendelenburg posi-
tion impair arterial oxygenation, leading to an increased
alveolar–arterial oxygen tension difference (AaDO2). Hemody-
namic parameters are less affected by body weight.

Cephalad displacement of the diaphragm due to the in-
creased weight of the abdominal wall in obese patients may
cause increased airway pressure due to decreased compliance of
the lung. Difficulties in ventilation of obese patients undergoing
laparoscopic procedures may lead to hypercarbia and hypox-
emia due to ventilation–perfusionmismatch. Due to the cepha-
lad shift of the diaphragm, a firmly secured endotracheal tube
maybe displaced into the bronchialmainstem. Incidence of pul-
monary atelectasis in morbidly obese patients is higher than
that in nonobese patients.

Complications of laparoscopic procedures
Intraoperative complications during laparoscopic procedures
can be a consequence of creation and maintenance of pneu-
moperitoneum and vascular injuries during surgical instru-
mentation (Table 101.1).

Postoperative considerations
Laparoscopic procedures have been suggested to reduce the
incidence of postoperative pulmonary complications compared
to open abdominal procedures. Diaphragmatic dysfunction
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Table 101.1. Intraoperative complications during laparoscopy

Traumatic injuries associated
with blind trocar or Veress
needle insertion

• Injury of vascular structures: aorta, inferior vena cava, iliac vessels, retroperitoneal hematoma
• Injury of gastrointestinal structures: small and large bowel, liver, spleen, and mesentery
• Minimization of the risk of accidental organ injury by mini-laparotomy insertion of Veress needle

Venous CO2 embolism • Inadvertent intravenous placement of the Veress needle
• Passage of CO2 into the abdominal wall or peritoneal vessels during insufflation
• Passage of CO2 into open vessels of the liver surface during laparoscopic cholecystectomy
• Symptoms include hypotension with cardiovascular collapse, hypoxemia, mill-wheel murmur, decrease in ETCO2

because of a reduction of pulmonary blood flow
• Cerebral CO2 embolism may result from a patent foramen ovale or atrial septum defect
• The incidence of undetected CO2 embolism may be as high as 79% of patients during laparoscopic cholecystectomy

Pneumothorax,
pneumomediastinum,
pneumopericardium

• Tracking of insufflated CO2 around aortic or esophageal hiatus of the diaphragm into the mediastinum with subsequent
rupture into the pleural space

• Passage of gas through embryogenic defects of the diaphragm
• Pleural tears
• Rupture of emphysematous bullae
• Inadvertent placement of needle in extraperitoneal spaces

Surgical emphysema • Intentional extraperitoneal insufflation of CO2 during inguinal hernia repair
• Accidental extraperitoneal insufflation of CO2: subcutaneous emphysema of abdomen, chest, neck, and groin

Vascular injury • Instrument insertion may cause concealed bleeding, particularly in the retroperitoneal space; may result in delayed
diagnosis of vascular injury

Cardiac arrhythmias • Due to hypercarbia or increased vagal tone; due to peritoneal stretch (bradycardia, asystole)

following laparoscopic cholecystectomy may last for up to
24 hours postoperatively. The increased IAP during the pneu-
moperitoneum has been reported to cause venous stasis and
an increased risk of deep venous thrombosis and pulmonary
embolism. Bile duct injuries are more common after laparo-
scopic cholecystectomy than following an open procedure.
Patients with this condition present with pain and jaundice.
Same-day laparoscopic cholecystectomy imposes the risk of
delayed diagnosis of postoperative complications. Patients who
are discharged the same day after their surgery should be
selectedwith care. In addition, it is important to adequately con-
trol the pain and any nausea before discharging the patient.
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Chapter

102 Anesthesia for esophageal and gastric surgery
Amy L. Kim and Warren S. Sandberg

Introduction
This chapter covers anesthesia for surgery of the upper ali-
mentary tract, namely, the esophagus and the stomach. Anes-
thesia for esophageal surgery involves many of the specialized
techniques of anesthesia for thoracic surgery, and the reader
is referred to those chapters for more detailed information
(Part 15). Similarly, when considering anesthesia for gastric
surgery and many esophageal procedures, the reader will ben-
efit from reviewing the chapter on intra-abdominal surgery
(Chapter 100) for more general information. Finally, much gas-
tric reduction surgery is performed laparoscopically, so a review
of the chapter on laparoscopy (Chapter 101) as well as the
chapter on obesity (Chapter 6) will be useful.

Esophageal surgery
Patients may present for esophageal surgery for numerous rea-
sons. Some of these reasons are reflux disease, esophageal can-
cer, strictures, motility disorders, and perforation.

Esophagogastrectomy
Multiple surgical techniques are used for the treatment of
esophageal carcinoma, depending on the location of the tumor.
For tumors of the lower third of the esophagus, a left thora-
coabdominal incision ismade. An esophagogastrectomy is then
performed followed by anastomosis of the jejunum to the prox-
imal esophagus. For lesions of the middle third of the esopha-
gus, an Ivor Lewis approach is generally used. In this approach,
the stomach is first mobilized via an abdominal incision with
the patient supine. The patient then is repositioned left side
down after endobronchial intubation, and a right thoracotomy
is performed for esophageal tumor resection. The stomach is
then pulled up into the chest and anastomosed to the proxi-
mal esophagus. Lesions of the upper third of the esophagusmay
be managed by combined laparotomy with cervical incision
(“blind esophagectomy”). For those lesions in the upper third of
the esophagus, when there is insufficient stomach length or the
presence of gastric disease, an esophagogastrectomy with colon
interposition can be performed in two stages. During the first
stage, a midline laparotomy and right thoracotomy are done for
the esophagogastrectomy.Thepatient is then placed supine, and
a cervical esophagostomy is performed. In the second stage, at a

second operative sitting, either the right or left colon is used and
passed into the retrosternal spacewhere it is anastomosed to the
cervical esophagus above and to the stomach remnant below.

Preoperative assessment
The preoperative evaluation of patients with esophageal disease
should be a multisystem approach, with focus on the nutri-
tional, hematologic, and cardiopulmonary systems.

Patients with esophageal disease often present with mal-
nourishment, dehydration, and poor synthetic nutritional sta-
tus (represented by hypoalbuminemia but affecting many
synthetic pathways) due to dysphagia. It has been shown that
improvement in nutritional status preoperatively has decreased
the incidence of wound infections, sepsis, and perioperative
morbidity and mortality.

Based on the patient’s history and physical examination,
additional tests may be necessary to evaluate the cardiopul-
monary system Preoperative tests of pulmonary function or
arterial blood gases (ABG)may be helpful.They can predict the
likelihood of perioperative pulmonary complications and the
need for postoperative mechanical ventilation. Patients should
also receive a thorough cardiac evaluation due to the possibility
of intraoperative hemodynamic instability and ongoing inflam-
matory and stress responses due to the surgery. The evaluation
may include an electrocardiogram (ECG), echocardiogram, or
functional cardiac stress testing.

Laboratory tests are indicated based on the patient’s history
and physical examination; however, a complete blood count
(CBC) may be helpful given the ubiquity of anemia with these
patients. A blood bank sample should be obtained given the
presence of anemia and the possibility of perioperative blood
transfusions.

A thorough airway evaluation should be performed pre-
operatively, with a focus on the presence of mediastinal lym-
phadenopathy, which may result in airway compression.

The preoperative evaluation should also focus on whether
chemotherapy and/or radiation was used in patients with eso-
phageal cancer because they can impact intraoperative patient
management. Chemotherapeutic agents such as doxorubicin
and bleomycin are commonly used in the management of
esophageal cancer. These agents may result in the development
of anemia, leukopenia, and thrombocytopenia. Doxorubicin,
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in addition, may lead to a dose-related cardiomyopathy that
can be either acute or slowly progressive and results in heart
failure. Thus patients who have been treated with doxorubicin
should have a preoperative echocardiogram or nuclear scan to
evaluate cardiac function. Bleomycin is another antineoplas-
tic agent that is used to treat esophageal squamous cell car-
cinoma. It causes minimal myelosuppression but has a high
incidence of pulmonary toxicity. With severe toxicity, patients
may have resting hypoxemia and interstitial pneumonia and
fibrosis.These patients are at increased risk for developing adult
respiratory distress syndrome (ARDS) postoperatively possibly
due to increased FiO2 resulting in free radicals.

Radiation is another treatment option that is more effective
for squamous cell carcinoma than for adenocarcinoma. Com-
plications of radiation include pneumonitis, pericarditis, bleed-
ing, and tracheoesophageal fistula.

Intraoperativemanagement
Preoperative management focuses on the establishment of ade-
quate intravenous (IV) access, appropriate monitoring, and
suitable avenues for effective postoperative analgesia. Sedation
and IV analgesia for procedures are also important.

Depending on the patient’s anxiety level, premedication
with benzodiazepines may be necessary. A large-bore IV (14–
16 gauge) catheter should be inserted for volume replacement as
needed. Standard monitors including pulse oximeter, tempera-
ture, ECG, and blood pressure (BP) cuff are indicated. Addi-
tionally, an arterial line may be used for tight BP control and
for frequent laboratory sampling. Either central venous or pul-
monary artery catheters should be used based on the patient’s
cardiopulmonary status and the anticipated surgical severity. A
Foley catheter is inserted to monitor intraoperative urine out-
put (in this case, as a functional indicator of adequate circulat-
ing intravascular volume).

Preoperative placement of a thoracic epidural catheter may
be helpful for postoperative pain management and to facilitate
early extubation. Chandrashekar and colleagues have shown
that patients with good analgesia from a thoracic epidural after
a two-stage esophagectomy have been extubated safely postop-
eratively in the operating room (OR) due to blunting of the
stress response from pain. Additionally, postoperative morbid-
ity and mortality secondary to cardiopulmonary complications
are reduced when there is adequate analgesia from a thoracic
epidural catheter.

Because of the location of surgery, general endotracheal
anesthesia (GETA) is the obligatory anesthetic technique,
although this may be supplemented by an epidural catheter.
Because patients with esophageal disease are often at risk
for pulmonary aspiration, patients should be intubated either
awake (blind nasal or fiber-optic techniques) with topical anes-
thesia or after rapid-sequence IV induction with cricoid pres-
sure. A nasogastric tube is typically passed to empty the
esophagus and stomach. Maintenance of anesthesia generally
uses combinations of volatile anesthetics and local anesthetics

± opioids via the epidural catheter. Nitrous oxide is avoided
by some anesthetists, with the goal to minimize bowel disten-
sion, thus optimizing surgical exposure. Anesthesia is gener-
ally supplemented with nondepolarizing muscle relaxants. The
combination of general and epidural anesthesia can dramat-
ically decrease the inhalational anesthetic and muscle relax-
ant requirements. Pressors and fluids may be needed to treat
hypotension.

Depending on the surgical approach, one-lung ventilation
with double-lumen endobronchial tubesmay be needed to facil-
itate surgical exposure.

Positioning of the patient is important to prevent pres-
sure injuries, peripheral nerve compression, or stretch injury. If
the lateral decubitus position is used, an axillary roll and air-
plane arm holder should be used. Pressure points, especially
of the upper extremities, should be checked to avoid brachial
plexus injuries. Radial pulses should be checked to ensure cor-
rect placement of the axillary roll. Placement of the oximeter
probe on the dependent arm may assist in monitoring the ade-
quacy of perfusion. In addition, eyes and ears should be checked
for compression, and the eyes should be taped closed.

Attention to the patient’s temperature during long opera-
tions is crucial. To prevent hypothermia, consider the use of
a forced-air warming blanket, a fluid warmer, and keeping the
room temperature warm. Of these options, the forced-air blan-
ket is by far the most effective, and its use obviates the need for
any other intervention.

Intraoperative complications of esophageal surgery can
include hypotension, bradycardia, dysrhythmias, tracheal dam-
age, hypoxia, and hemorrhage.

The decision to extubate at the end of the surgery is multi-
factorial, depending on the extent of the surgical procedure and
the patient’s tolerance of surgery and anesthesia. Patients should
be alert, cooperative, hemodynamically stable, and warm, and
neuromuscular blockade should be fully antagonized. Those
patients who require postoperative ventilation should have the
DLT changed to a single-lumen endotracheal tube prior to
leaving the OR. Patients can then be weaned from mechani-
cal ventilation and extubated in the intensive care unit (ICU)
postoperatively.

Postoperative management
Patients are usually managed postoperatively in an ICU set-
ting, although this depends in part on the degree of surgi-
cal insult. In the early postoperative period, patients may have
increased fluid requirements. Adequate postoperative pain con-
trol is essential to facilitate deep breathing, cough, mobilization
of secretions, participation in chest physiotherapy, and early
ambulation.

Postoperative complications from esophageal surgery in-
clude aspiration, atelectasis, acute lung injury, hemorrhage,
pneumothorax, hemothorax, hypoxemia, hypoventilation,
recurrent laryngeal nerve injury, deep vein thrombosis (DVT),
and esophageal anastomotic leak.

641



Part 18 – Anesthesia for General Surgical Procedures

Respiratory problems after esophagectomy are common.
ARDS is a major contributor to respiratory morbidity andmor-
tality after esophagectomy. Tandon and colleagues noted that
acute lung injury after elective esophagectomy is associatedwith
intraoperative cardiorespiratory instability.They also noted that
the longer the one-lung ventilation time and operative time, the
greater the incidence of acute lung injury.Thismaybe attributed
to the fact that both lungs are subjected to injury during the tho-
racic phase of the procedure. The dependent lung is exposed to
microbarotrauma, whereas the collapsed lung suffers ischemia–
reperfusion injury.

Another serious complication is the development of anasto-
motic leakage.Michelet and colleagues have noted that thoracic
epidural analgesia is associated with a decrease in anastomotic
leakage. This association may be due to thoracic epidural anal-
gesia allowing intensive chest physiotherapy that helps preserve
postoperative pulmonary function and prevent hypoxemia. It
has also been shown that thoracic epidural analgesia use during
major abdominal surgery increases tissue oxygen, thus improv-
ing oxygenation at the wound surfaces.

Nissen fundoplication
Esophageal fundoplication is an operation that increases lower
esophageal sphincter pressure to prevent esophageal reflux
by wrapping the fundus of the stomach around a 3- to 4-
cm segment of the lower esophagus. (See Fig. 102.1.) This
operation can be done transabdominally, transthoracically, or
laparoscopically. The most commonly used technique is the
open or laparoscopic Nissen fundoplication that uses both the
anterior and posterior walls of the stomach. Indications for
esophageal fundoplication include stricture, respiratory prob-
lems, esophageal ulcerations, and Barrett’s esophagus, as well as
failure of medical management or a patient’s unwillingness to
submit to a lifetime of medication.

Anesthetic management for open Nissen fundoplication is
similar to that for esophageal surgery. Laparoscopic Nissen fun-
doplication is managed like a typical intra-abdominal laparo-
scopic case. The potential for carbon dioxide insufflation along
the esophagus above the diaphragm is quite high, however, and

it can complicate ventilation management. Surgeons are con-
cerned about the impact of postoperative retching on the viabil-
ity of the fundoplication.Thus, aggressive postoperative nausea
and vomiting prophylaxis is warranted in these patients.

Bariatric surgery
Morbidly obese patients are defined as those who are greater
than 100 pounds over ideal body weight or 2 times ideal body
weight. Body mass index (BMI) is defined by weight in kilo-
grams divided by height in meters squared. Patients with a
BMI greater than 28 are considered obese. Patients with a BMI
greater than 35 are considered morbidly obese.

A variety of surgical procedures are used to treat mor-
bid obesity. These procedures can be divided into malabsorp-
tive versus restrictive procedures. Malabsorptive procedures
include jejunoileal bypass and biliopancreatic bypass, in which
most of the small bowel is bypassed, thus creating a state of
chronic malabsorption.

Restrictive procedures include vertical banded gastroplasty
and adjustable gastric banding. These procedures work by
decreasing the size of the gastric pouch, thus limiting the
amount of food that can be consumed at one time. Gastro-
plasty creates a small upper pouch (15–30 ml) in the stom-
ach, which restricts food intake.The pouch communicates with
the remainder of the stomach through a narrow channel, or
stoma. Adjustable gastric banding is done by a minimally inva-
sive laparoscopic approach. An adjustable inflatable band is
placed around the proximal stomach to limit stomach capac-
ity. The band can be made tighter or less so by adding or
removing saline. Roux-en-Y gastric bypass (RYGB) combines
gastric restriction with a minimal degree of malabsorption.
Restrictive procedures can be performed laparoscopically or via
laparotomy.

RYGB is the most commonly performed bariatric proce-
dure in the United States. It is the most effective bariatric
procedure to produce safe short- and long-term weight loss
in severely obese patients. This procedure involves anastomo-
sis of the proximal gastric pouch to a segment of the prox-
imal jejunum that bypasses most of the stomach and entire

Figure 102.1. Illustration of the key anatomic step in Nissen fundoplication.
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Figure 102.2. Illustration of the RYGB anatomy.

duodenum (see Fig. 102.2).WithRYGB, patients lose an average
of 50% to 60%of excess bodyweight and showaBMIdecrease of
approximately 10 kg/m2 during the first 12 to 24 postoperative
months. Type 2 diabetes resolves in the majority of patients.

Laparoscopic bariatric surgery is minimally invasive and is
associated with less postoperative pain, lower morbidity, and
faster recovery. Operative trauma is reduced when compared
to open procedures due to smaller surgical incisions and the
elimination of mechanical retraction of the abdominal wall. In
addition, accumulation of third space fluid is significantly lower
after laparoscopic RYGB than after open RYGB. A reduced inci-
dence of wound infection and an early return to daily activities
is seen in laparoscopic RYGB patients. Rhabdomyolysis is more
common in morbidly obese patients undergoing laparoscopic
procedures than open procedures, however. Unexplained ele-
vations in serum creatinine and creatine phosphokinase levels
or complaints of buttock, hip, or shoulder pain in the postoper-
ative period should raise suspicion of rhabdomyolysis.

Preoperative assessment
The preoperative evaluation of morbidly obese patients again
involves a multisystem approach with focus on the cardiopul-
monary status and airway. The incidence of difficult mask ven-
tilation and intubation is high in obese patients. Flexion of the
neck in the obese patient could result in difficult intubation due
to excessive soft tissue. The presence of submental fat may also
limit mouth opening. A large tongue, redundant palate, and
pharyngeal tissue may narrow the airway. It has been identified
that neck circumference is the single best predictor of problem-
atic intubation in morbidly obese patients.Thus careful airway
examination is paramount.

Patients should also be evaluated for systemic hypertension,
obstructive sleep apnea with coexisting pulmonary hyperten-
sion, signs of right and/or left ventricular failure, and ischemic
heart disease. Obesity has serious cardiopulmonary conse-
quences, as outlined in Fig. 102.3. Preoperative tests, such as
echocardiogram, ECG, chest radiography, and baseline ABG,
may provide useful information for the management of these
patients intraoperatively.

This patient population is at risk for pulmonary aspiration
of gastric contents due to increased intra-abdominal pressure,
gastric volume, and acidity, as well as the increased incidence of
hiatal hernia.

Laboratory tests are indicated based on the patient’s
history and physical examination. A CBC is useful because
polycythemia may be present due to chronic hypoxemia. A
measurement of fasting blood glucose may be necessary due
to the frequent occurrence of glucose intolerance and dia-
betes mellitus in this patient population. Liver function is often
abnormal and drug metabolism may be significantly affected.

Patients’ usual medications (with the possible exception of
insulin and oral hypoglycemics) should be continued until the
time of surgery.

Intraoperativemanagement
Premedication with oral or IV benzodiazepines is reliable for
anxiolysis in this patient population, as modest sedative doses
cause little or no respiratory depression. However, patients with
a history of obstructive sleep apnea may be especially sensitive
to sedatives and opioids. H2-receptor antagonists, proton pump
inhibitors, and nonparticulate antacids like sodium citrate may
be useful preoperatively for reducing gastric volume and acidity,
thus reducing the risk and complications of aspiration.

DVTprophylaxis with subcutaneous unfractionated or low-
molecular-weight heparin, in addition to pneumatic compres-
sion devices, should also be used given the risk for sudden death
from acute postoperative pulmonary embolism. Antibiotic pro-
phylaxis is also important because of the increased risk of post-
operative wound infection after gastric operations for obesity.

A large-bore (14–16 gauge) IV catheter should be inserted
with the anticipation of potential large fluid loss mainly due to
fluid shifts. Standard monitors such as pulse oximeter, temper-
ature, ECG, and appropriately sized BP cuff are used for patient
monitoring. An arterial catheter may be necessary in those
patients with severe cardiopulmonary disease or for those with
poor fit of the noninvasive BP cuff. Central venous catheteriza-
tion may be performed in those in whom peripheral IV access
cannot be obtained. Otherwise, central venous cannulation for
monitoring and central drug administration is selected on a
case-by-case basis, depending on the patient’s medical condi-
tion and the expected impact of surgery. A urinary catheter is
also placed to monitor urine output to guide in fluid manage-
ment.

Again, the site of surgery necessitates GETA as the anes-
thetic technique, with or without an epidural catheter for
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Figure 102.3. Flow diagram of the interrelationships between obesity and cardiopulmonary complications. RV, right ventricle; LV, left ventricle; OSA, obstructive
sleep apnea; OHA, obesity hypoventilation syndrome. Redrawn from Figure 36-2, Clinical Anesthesia, Barash PG, ed. Philadelphia: Lippincott Williams & Wilkins;
2006.

postoperative analgesia. Preparation should be made for diffi-
cult mask ventilation, laryngoscopy, or intubation. Thus, posi-
tioning the patient prior to induction by elevating the shoul-
ders and occiput so that the head is in the “sniffing” position
greatly facilitates airway access. This can be done by placing
towels or folded blankets under the shoulders and head so that
the tip of the chin is higher than the chest. Another position-
ing maneuver known as the head-elevated laryngoscopy posi-
tion (HELP) can improve laryngoscopic view (see Fig. 102.4).
HELP elevates the obese patient’s head, upper body, and shoul-
ders above the chest to the extent that an imaginary horizon-
tal line connects the sternal notch to the external auditory
meatus. During induction of anesthesia, patients should be
positioned in a head-up reverse Trendelenburg position, pro-
viding the longest safe apnea period. Adequate preoxygenation
is vital in obese patients because of rapid desaturation after loss
of consciousness, attributed increased tissue oxygen consump-
tion, and decreased functional residual capacity (FRC).

Because these patients are at risk for aspiration, they should
be intubated either awake or after rapid-sequence induction
with cricoid pressure. Following successful intubation, a naso-
gastric (NG) tube should be placed and the stomach con-
tents suctioned. The NG tube may be used later in the surgery
to check anastomotic integrity with the injection of saline or
methylene blue. The NG tube should also be removed before
gastric division to avoid unplanned stapling or transection of
the tube.

Anesthesia is generally maintained with inhalational anes-
thetics. Some providers prefer desflurane due to its rapid recov-
ery profile. Juvin and colleagues have noted that immedi-
ate recovery from anesthesia occurred faster with desflurane
than with isoflurane or propofol. In addition, postanesthesia
care unit (PACU) admission oxygen saturation of hemoglobin
(SpO2) values were significantly higher and patient mobility
was significantly better after desflurane. At 30 and 120 minutes
postoperatively, sedation was also significantly less pronounced
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Figure 102.4. Preformed head elevation pillow and its use.

with desflurane. If an epidural catheter is present, itmay be used
in combinationwith an inhalational anesthetic. Nitrous oxide is
generally avoided to minimize bowel distention as well as due
to the high oxygen demand in obese patients. Nondepolariz-
ing muscle relaxants are also used to facilitate adequate ventila-
tion and surgical exposure. Dexmedetomidine infusions can be
used to decrease anesthetic and opioid requirements. Infusion
of remifentanil, an ultra-short-acting opioid, has been used to
supplement a total intravenous anesthesia (TIVA) or an inhala-
tional anesthetic.

Proper positioning is crucial in this patient population.The
appropriately sized OR table should be available, and patients
should be well secured to the table to prevent falls and injury.
Bean bags to help position a patient may also be useful. Protect-
ing pressure areas is important in this patient population given
the common occurrence of pressure sores and nerve injuries.

An association exists between ulnar neuropathy and increas-
ing BMI. The supine position, as well as the Trendelenburg
position, are generally not well tolerated by the obese patient.
The development of ventilation–perfusion abnormalities, left-
to-right shunting, and decrease in FRC may result in hypox-
emia. Hypotensionmay also result from supine positioning due
to occlusion of the inferior vena cava (IVC), which compro-
mises venous return to the heart.

The decision to extubate at the end of the surgery depends
on the patient’s underlying cardiopulmonary status and the
extent of the surgical procedure. Patients should be hemody-
namically stable, warm, alert, cooperative, and fully reversed
from any muscle relaxants prior to extubation. The patient
should be preferably extubated in the semirecumbent position,
which has less adverse effect on respiration. Supplemental oxy-
gen should be administered after extubation.

Postoperative management
These patients – especially those with coexisting diseases –
may require ICU admission for postoperative care. There is an
increased incidence of atelectasis, which persists into the post-
operative period, in morbidly obese patients after general anes-
thesia. Patients may need continuous positive airway pressure
(CPAP) or bilevel positive airway pressure (BiPAP) postoper-
atively to reduce atelectasis and combat airway obstruction.
Postoperative CPAP does not increase the incidence of major
anastomotic leakage after gastric bypass surgery despite a theo-
retical risk.

Pain may cause patients to avoid taking deep breaths and
ambulating. Thus adequate pain control is crucial as well as the
use of a properly fitted elastic binder for abdominal support in
improving pulmonary toilet. Epidural analgesia with local anes-
thetics, opioids, or both is an effective form of analgesia. Poten-
tial advantages of epidural analgesia include DVT prevention,
improved analgesia, and earlier recovery of intestinal motility.
Patients should be observed, however, for delayed respiratory
depression with the use of central neuraxial opioids. Patient-
controlled anesthesia (PCA)morphine is equivalent to low tho-
racic/high lumbar epidural analgesia with continuous infusions
of bupivacaine/fentanyl in morbidly obese patients undergoing
gastric bypass surgery with regard to the quality of pain control
at rest, the frequency of nausea and pruritus, the time to ambu-
lation, time to return of gastrointestinal (GI) function, and the
length of hospital stay.

Complications postoperatively include anastomotic leak,
gastric pouch outlet obstruction, jejunostomy obstruction,
DVT, PE, respiratory failure, GI bleeding, and wound infection.
RYGB may also cause a “dumping syndrome” resulting in diar-
rhea and abdominal cramps secondary to a high-sugar liquid
diet.
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Chapter

103 Anesthesia for gynecologic and breast surgery
Bronwyn Cooper

Introduction
There is a wide range of breast and gynecologic procedures
that require anesthesia. This chapter provides an overview of
different gynecologic and breast surgeries and their anesthetic
requirements that range from local to general anesthesia. In
addition, major surgeries often require postoperative hospital
admission and regional anesthesia for postoperative pain.

Breast surgery
Breast tumor surgery
The most common breast surgeries are lumpectomy, an en-
larged excisional biopsy, and modified radical mastectomy for
breast cancer. With axillary dissection, it is often wise to avoid
muscle relaxants so that the surgeon may stimulate the long
thoracic and thoracodorsal nerves to aid in their identifica-
tion. Whereas breast biopsy and lumpectomy can be done with
local anesthesia (such as bupivacaine or lidocaine) and sedation
according to patient preference, major breast cancer surgery is
usually done under general anesthesia for patient comfort and
surgical ease. Breast surgery, in general, is a low-risk surgery,
and perioperative risk is mainly dependent on the presence and
severity of comorbidities and the age of the patient.

Nearly 60% of women experience severe pain following
breast cancer surgery. One study showed that risk factors asso-
ciated with pain at 1 month after surgery include non-white
race, obesity, and high postanesthesia care unit (PACU) opi-
oid use. It has been suggested by many authors that patients
undergoing major surgery for breast cancer experience fewer
postoperative side effects if they receive regional rather than
general anesthesia for procedures such as mastectomy, lumpec-
tomy, and reconstructive surgery. Lynch and colleagues studied
outcomes of thoracic epidural anesthesia after oncologic breast
surgery and reconstructive procedures. The conclusion of their
retrospective analysis was that lower postoperative nausea and
vomiting (PONV) was associated with statistically significant
earlier hospital discharge and that thoracic epidural anesthesia
is a safe technique not associated with neurologic or respiratory
complications that improves patients’ recovery while reducing
the cost of these procedures. Thoracic epidural anesthesia and
analgesia have been described formodified radical mastectomy,
breast augmentation, and mastectomy with transverse rectus

abdominus myocutaneous (TRAM) flap reconstruction. It is
usually initiated at the T3–T4 interspace (high thoracic), and
breast tissue (i.e., augmentation) requires a blockade from T1
through T7. Procedures including the anterior chest wall (i.e.,
modified radical mastectomy) may require blockade up to C5
to include pectoral nerves. A thoracic paravertebral nerve block
can be used to augment, or as an alternative to, general anes-
thesia in high-risk patients undergoing major breast surgery.
Single-injection techniques are limited to the duration of the
local anesthetic and are discussed elsewhere in the text. The
introduction of disposable infusion pumps has facilitated the
use of ambulatory perineural infusions. Preliminary retrospec-
tive data suggest a possible advantage of regional techniques in
breast cancer surgery beyond decreased postoperative pain and
PONV rates. Some retrospective data suggest that the use of
regional analgesia and the avoidance of systemic opioids result
in lower cancer recurrence rates, possibly due to inhibition
of cellular and humoral immune function in humans. Larger
prospective studies are under way.

Augmentation mammoplasty
Augmentation mammoplasty is often performed for cosmetic
reasons or in patients who have undergone breast cancer
surgery. A prosthesis is inserted under or above the pectoralis
muscle. The most commonly used anesthetic is general anes-
thesia, although some patients prefer local with intravenous
(IV) sedation. Regional anesthesia choices include epidural,
thoracic paravertebral block, or a continuous paravertebral
catheter. Local anesthesia includes several techniques, such as
subcutaneous injection, intercostal nerve blocks, pump infu-
sions, and “splashing” local anesthetic into the submuscular
pocket. Patients who have already undergone breast surgery
and chemotherapy may have difficult IV access and a history of
exposure to chemotherapeutic agents that can have long-lasting
effects on cardiac, pulmonary, and other systems. Commonly
used chemotherapeutic agents and their side effects are sum-
marized in Table 103.1.

Gynecological surgery
Since the 1970s there has been a significant increase in
gynecologic procedures performed in the ambulatory setting.
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Table 103.1. Common chemotherapeutic drugs used in breast cancer

Drug Significant side effect

Doxorubicin Cardiomyopathy, nephrotoxicity, hepatotoxicity

Cyclophosphamide Pseudocholinesterase inhibition,
thrombocytopenia, decreased threshold for PONV

Methotrexate Pulmonary infiltrates, hepatotoxicity, inhibition of
folate metabolism

Tamoxifen Hepatotoxicity

Cisplatin Peripheral neuropathy, nephrotoxicity

Gemcitabine Nephrotoxicity, lung toxicity, hepatotoxicity

Table 103.2 shows the different types of anesthesia suitable
for common gynecologic procedures. Today, surgeons use im-
proved techniques, such as minimally invasive surgery with
small incisions, and new smaller, more flexible scopes and
laparoscopic techniques. By the late 1990s, more than 80%
of gynecologic surgery for benign pathology was done on an
ambulatory basis.

Table 103.3 demonstrates the four major approaches to
gynecologic surgery – laparoscopy, hysteroscopy, vaginal, and
abdominal – and the different procedures associated with each.
Hysteroscopy involves a visual examination of the uterine cav-
ity through a flexible hysteroscope. The uterine cavity is dis-
tended with saline, glycine, dextran, or carbon dioxide (CO2)
to inspect the interior of the uterus. IV sedation or paracervical
block is adequate for anesthesia as long as prolongedmanipula-
tion is not required. Applications include evaluation of abnor-
mal uterine bleeding and polyp or intrauterine device (IUD)
removal. Resection of submucosal leiomyomas and endome-
trial ablation usually require regional or general anesthesia.
Often hysteroscopy is done in conjunction with curettage and
laparoscopy. The most common complications include uterine
perforation, bleeding, and infection. Intravascular extravasa-
tion of fluid or gas can become clinically significant only later
with onset of hyponatremia, air embolism, cerebral edema, and
even death.

The loop electrosurgical excision procedure (LEEP) is ther-
apy for vulvar and cervical lesions, such as vulvar condylomata
and cervical dysplasias. Low-voltage, high-frequency alternat-
ing current is used to limit thermal damage yet allow good

Table 103.2. Anesthetic options for common gynecologic procedures

Gynecologic procedure Common anesthetic options

Transabdominal or transvaginal
hysterectomy

GA or regional

Diagnostic laparoscopy GA
LEEP, cervical biopsy MAC or GA
Dilation & curettage MAC or GA
Tubal ligation GA or Regional

GA, general anesthesia; MAC, monitored anesthesia care.
Source: Goulson DT. Curr Opin Anesthesiol 2007; 20(3):195–200.

Table 103.3. Major approaches to gynecologic surgeries

Laparoscopy Hysteroscopy

Endometriosis Myomectomy
Ectopic pregnancy Septum resection
Hysteroscopy Endometrial ablation
Myomectomy Polypectomy
Tubal sterilization Adhesions/Asherman’s
Oopherectomy Proximal tubal cannulation
Ovarian cystectomy Hysterosalpingogram
Adnexal mass removal
Salpingostomy/salpingectomy
Bladder neck suspension
Infertility
Sling/Burch procedures

Vaginal Abdominal
Hysterectomy Hysterectomy
Myomectomy (rare) Myomectomy (low transverse incision)
Dilation & curettage Tumor debulking
Dilation & evacuation Urinary stress incontinence surgery
Laser therapy

hemostasis.These lesions can also be excised either with a sharp
knife or laser, and this procedure can be performed under local
anesthesia with IV sedation or general anesthesia.

Tubal ligation ismost commonly performed via laparoscopy
under general anesthesia. Complications of general anesthesia
have been the leading cause of death attributed to steriliza-
tion in the United States. The risks of general anesthesia are
known to increase during the postpartum period. The use of
local anesthesia alone has increased only from 4% to 8 % in the
United States. Worldwide, more than 75% of tubal ligation pro-
cedures are performed under local anesthesia because a mini-
laparotomy can be done safely under local anesthesia. The dis-
advantages, however, can be anxiety and discomfort, both for
the patient and the surgeon. It is unknown whether local anes-
thesia for tubal ligation has a better safety profile than general
anesthesia.

Gynecological laparoscopy
Laparoscopy can be either diagnostic or operative. In recent
years, the use of laparoscopy in gynecology has expanded
dramatically from its use in diagnosis to tubal sterilization,
treatment of ectopic pregnancy, and hysterectomy. Compared
with laparotomy, laparoscopy offers a shorter hospitalization,
less postoperative pain, less morbidity, and a shorter recov-
ery period.The physiologic aspects associated with gynecologic
laparoscopy are discussed in detail in the chapter on anesthesia
for laparoscopy, Chapter 101.

Anesthetic techniques for laparoscopy
Table 103.4 gives an overview of the different types of anesthetic
options for laparoscopic gynecologic procedures. Becausemore
laparoscopic procedures are performed on an outpatient
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Table 103.4. Possible anesthetic techniques used for laparoscopic
gynecologic surgery

GA with ETT
GA/LMA with mechanical ventilation (either classic or ProSeal)
GA with spontaneous ventilation
Regional (spinal, epidural, or CSE)
Local +/− IV sedation
Combined GA/regional

GA, general anesthesia; ETT, endotracheal tube.
Source: Cueto-Garcia J, JacobsM,GagnerM. Laparoscopic Surgery. NewYork:
McGraw-Hill; 2003.

basis, general and regional anesthesia have been success-
fully and safely used with great emphasis on short-duration
drugs, cardiovascular stability, rapid recovery and fast-tracking,
mobility, and prevention and treatment of PONV and pain.
Most commonly, general anesthesia is used because it allows for
controlled ventilation (to counteract the CO2 absorption), good
surgical conditions, and patient comfort. Shorter-acting drugs
such as sevoflurane, desflurane, and continuous infusions of
propofol are the maintenance agents of choice. An early recov-
ery has been attained with any of these agents. Remifentanil is
often used in fast-tracking due to its lack of accumulation with
continuous infusion.

Regional anesthesia provides some advantages but can
be controversial during laparoscopy. The advantages include
decreased PONV, reduced postoperative pain, shorter stay,
cost effectiveness, improved satisfaction, fewer hemodynamic
changes, and earlier diagnosis of complications. Requirements
include a relaxed, cooperative patient, low intra-abdominal
pressure, reduced Trendelenburg requirements, and a pre-
cise surgical technique. The combined effects of pneumoperi-
toneum and sedation can lead to hypoventilation and arterial
oxygendesaturation.Advances inmicrolaparoscopy allow these
procedures to be performed with local anesthesia alone or sup-
plemented by sedation. Longer laparoscopic proceduresmay be
more suitable for epidural anesthesia, and, if onset time is an
issue, a combined spinal–epidural (CSE) anesthetic can be uti-
lized. With the development of gasless laparoscopy and micro-
laparoscopy, spinal anesthesia will probably take on a greater
role in the near future.

Robotic-assisted gynecologic surgery
Robotic-assisted gynecologic surgery is a relatively new tech-
nique that is gaining popularity. Fallopian tube anastomosis,
hysterectomy, and myomectomy have been successfully per-
formed with this technique. After induction of anesthesia, the
abdomen is insufflated with CO2, and the patient is placed in
modified dorsal lithotomy with steep Trendelenburg position.
General anesthesia is most commonly used, and continuous
muscle paralysis is recommended. It is also advisable to use lim-
ited volumes of IV fluids while the patient is in the Trendelen-
burg position.

Preoperative considerations for
gynecologic laparoscopy
Choosing the appropriate patient for laparoscopy and then
scheduling an outpatient procedure require careful preoper-
ative assessment to identify increased risk for the individual
patient on a case-by-case basis. Most patients will be young and
healthy, but, more recently, older, more complex patients have
been arriving to the operating room for laparoscopic proce-
dures. In many settings, the surgeon performs such screening,
and the anesthesiologist first encounters the patient on the day
of surgery.

Induction and maintenance of anesthesia
Induction of general anesthesia is most easily accomplished
with an intravenous agent such as propofol, although inhaled
agents may also be used. Gynecologic laparoscopy can be
performed using a laryngeal mask airway (LMA) in lieu of
tracheal intubation, although many anesthesiologists prefer
intubation. In gynecologic laparoscopy, devices such as the
ProSeal (LMA; San Diego, CA) and its analogs may be useful
because they can allow higher airway pressure without leak-
ing. Most studies examining the value of the ProSeal LMA as
opposed to tracheal intubation have enrolled healthy Ameri-
can Society of Anesthesiologists (ASA) I-II patients who were
not obese and had no airway issues. The choice of an endo-
tracheal tube may also be dictated by the duration of surgery,
excess Trendelenburg position, or high intra-abdominal insuf-
flation pressures.

The choice of maintenance technique includes shorter-
acting inhalational agents or total IV anesthesia (TIVA).
Nitrous oxide (N2O) is sometimes used to reduce the require-
ments of inhaled or IV anesthetics, although some studies show
an increase in PONV. Muscle relaxants with longer half-lives
can still be used, although diagnostic laparoscopy may be brief
in duration.

Local anesthesia
In skilled surgical hands, laparoscopic surgery can be accom-
plished under local anesthesia. Drives toward more office-
based procedures may increase the use of local anesthesia for
laparoscopy because of its inherent simplicity. The transverse
abdominis plane (TAP) block using a “double-pop” technique
or ultrasound guidance to advance the needle into the proper
neurofascial plane has been reported to provide excellent anal-
gesia after abdominal surgery.

Postoperative analgesia
Themultimodal anesthesia model is quickly becoming popular
especially in the ambulatory setting, because postoperative pain
is one of themost common factors leading to delays in discharge
and an increase in hospital admissions. Table 103.5 shows
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Table 103.5. Analgesic modalities for laparoscopic surgery

Modality Clinical

Nonselective COX or selective COX-2 inhibitors Multimodal approach to pain management, unless contraindicated
Intraperitoneal local anesthesia More effective for pelvic procedures
Wound infiltration with local anesthesia Better in combination with above
Removal of gas (and gasless surgery) Possible decrease in shoulder pain
Intraperitoneal NS irrigation Need large volumes (25–30 ml/kg) +/− local
Low intra-abdominal pressure Decrease in analgesic requirements up to a week postoperatively
N2O pneumoperitoneum Pain reduction up to 24 h
Heated, humidified CO2 Less pain and earlier return to activities
Phrenic nerve block Decrease in the incidence of shoulder pain, but not analgesic requirements
Mesosalpinx/tubal block Significant decrease in pain post tubal ligation
Rectus sheath block Earlier discharge and decreased analgesic requirements
Pouch of Douglas block +/− catheter, especially helpful post bilateral tubal ligation

NSAIDs, nonsteroidal anti-inflammatory drugs; COX-2, cyclooxygenase-2; NS, normal saline.

various analgesic modalities currently being used for laparo-
scopic procedures.

Prolapse repair
Genital prolapse (i.e., pelvic organ prolapse) includes cystocele,
urethrocele, enterocele, and rectocele as well as uterine pro-
lapse. The laparotomy approach has a fairly high risk of opera-
tive hemorrhage usually from the laceration of the sacral veins.
Bleeding can be difficult to control if the veins retract into the
bone.Themajority of gynecologists prefer the use of local anes-
thesia with epinephrine to obtain hydrodissection between the
vaginal mucosa and the bladder and rectum that also dimin-
ishes bleeding.

Obliterative vaginal operations such as LeFort’s procedure
and colpocleisis can be performed under local or regional anes-
thesia. Most patients are elderly or chronically ill and usually
present with severe prolapse. There are at least 130 operative
procedures described for the treatment of female urinary stress
incontinence. The latest modification is the midurethral sling
procedure, either retropubic or transobturator with tension-
free vaginal tape (TVT). These procedures have been success-
fully performed under local anesthesia, sedation, or general
anesthesia.

Laparoscopic hysterectomy and myomectomy
Ellstrom and colleagues performed a prospective randomized
study to evaluate pain with respect to pulmonary function in
the first 48 hours after abdominal versus laparoscopic surgery.
Pain scores were lower after laparoscopic hysterectomy on both
the first and second postoperative days. Although lung func-
tion measured as peak expiratory flow, forced vital capacity,
and forced expiratory volume in the first second of expiration
was impaired in both groups, the patients who had laparo-
scopic hysterectomy had less impairment in pulmonary func-
tion.The influence on pulmonary function ismore pronounced
in patients having upper abdominal surgery than in those hav-
ing lower abdominal surgery. For laparoscopic myomectomy,
the potential for blood loss due tomyometrial vascularity exists

and needs to be monitored. Surgical techniques to minimize
blood loss and the need for blood transfusion include apply-
ing a tourniquet around the lower uterine segment to compress
the uterine arteries, injecting vasopressin intramyometrially,
using intraoperative blood-scavenging devices, correcting ane-
mia preoperatively, donating autologous blood, mild overhy-
dration, and requiring (rarely) a simultaneous hysterectomy.
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Chapter

104 Anesthesia for liver transplantation
Jason C. Brookman and Warren S. Sandberg

Introduction
The first successful orthotopic liver transplant in a human
occurred in 1967. Since then, transplant complexity and sur-
vival rates have improved significantly due to enhanced surgical
techniques and immunosuppressive drugs. Liver transplant
anesthetics are still some of the most complex currently per-
formed because of the surgical and medical criticality of
the patients and because of the complexity of the equip-
ment required. Liver transplantation consumes tremendous
resources. At least two anesthesiology personnel and at least
two additional professional personnel (i.e., perfusionist, moni-
toring nurse, auto-transfusion nurse) are assigned to each case
in most centers. Many of the considerations for liver transplan-
tation anesthesia apply equally to liver resection. Liver resec-
tion surgery has trackedwith transplantation – trending toward
increasing complexity and magnitude of resection, in increas-
ingly sicker patients, while at the same time reducing morbid-
ity and mortality. Accordingly, this chapter is written largely
from the transplantation anesthetic perspective, butmost of the
material is directly applicable to anesthesia for liver resection.

Pretransplant assessments
Indications, contraindications, patient selection
The indications for orthotopic liver transplantation are numer-
ous (Table 104.1).Themost common indication is chronic hep-
atocellular disease due to alcohol and/or hepatitis. Hepatitis B
and C both predispose patients to hepatocellular carcinoma. As
the prevalence of hepatitis C in the population increases, so does
the incidence of hepatocellular carcinoma, which is becoming
an increasingly common indication for liver transplantation.
Patients with fulminant hepatic failure are relatively rare but
require particular attention, as they may develop daily (or even
hourly) contraindications to transplantation.

As surgical techniques, risk stratification of potential recip-
ients, and the management of intercurrent diseases all improve,
the contraindications to liver transplantation are becoming
more nuanced.

Liver transplantation is a grueling process before, during,
and after the operation. To be listed as recipients, patients must
be screened by a liver transplant listing committee – made
up of surgeons, hepatologists, anesthesiologists, psychiatrists,

addiction specialists, social services specialists, family thera-
pists, and financial assistance experts – that will assist in the
patients’ continued care before, during, and after the transplant
has occurred.

Liver transplant candidates must be willing to accept
(potentially) massive blood transfusion during and after
surgery, although some centers are able to reliably perform
liver transplantation with little or no transfusion. Postopera-
tive intubation, mechanical ventilation, and intensive care unit
(ICU) admission are likely, and the patient should be aware
of these possibilities. Obese patients with a body mass index
(BMI) � 30, considered to be a relative contraindication to

Table 104.1. Indications for liver transplantation (not exhaustive)

End-stage liver disease (chronic)
Hepatocellular disease
Chronic viral hepatitis (mostly hepatitis C)
Alcoholic liver disease
“Cryptogenic” cirrhosis
Chronic drug-induced liver disease

Cholestatic disease
Primary sclerosing cholangitis
Primary biliary cirrhosis
Biliary atresia (mostly children)
Other familial cholestatic syndromes

Vascular disease
Budd–Chiari syndrome
Veno-occlusive disease

Polycystic liver disease
Hepatic malignancies not amenable to other therapy

Hepatocellular carcinoma (often in setting of hepatitis C)
Cholangiocarcinoma
Carcinoid tumor
Other cancers (e.g., insulinoma)

Fulminant hepatic failure
Drug induced hepatic failure
Acute viral hepatitis (A, B, C, delta)
Metabolic diseases
Wilson’s disease, organic acidurias, others

Metabolic diseases affecting the liver
Alpha-1 antitrypsin deficiency
Hemochromatosis
Other rare diseases (e.g., Alagille syndrome, glycogen storage diseases,
urea cycle deficiencies)

Source: Modified from Sandberg WS, Raines DE. Anesthesia for liver surgery
and transplantation. In: Longnecker D, Brown D, NewmanM, Zapol W. Anes-
thesiology. New York: McGraw-Hill; 2008, with permission.
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Table 104.2. Additional preanesthetic history for the patient with liver disease

1. For the patient with known or suspected liver disease, presenting for surgery
a. Potential inciting agents/events: blood transfusion, infectious diarrhea, travel, jaundice, hepatitis, tattoos, IV drug use, high-risk sexual activities,

medication history, alcohol use history, or contact with other jaundiced patients
b. Signs and symptoms of aggravation of liver disease: worsening fatigue, malaise, or pruritus; hematemesis, abdominal distention
c. Neurologic manifestations: altered sleep patterns – especially day/night reversal, or behavioral changes – confusion, excitation, lethargy – indicating

encephalopathy
2. For the patient presenting for unscheduled surgery, including liver transplantation

a. Quality and quantity of recent oral intake
b. Vascular access and history of previous central venous and/or arterial catheter placement
c. Cardiovascular risk, focusing on recent screening tests of cardiac function and ischemic risk, recent changes in exercise tolerance (although it may be

difficult to differentiate between cardiac dysfunction and worsening liver disease), and especially signs or symptoms of angina
d. Assessment hepatic synthetic function

i. Changes in abdominal girth or peripheral edema, indicating insufficient albumin and other plasma protein synthesis to maintain plasma oncotic
pressure

ii. History of easy bruising or prolonged bleeding, indicating insufficient hepatic synthetic function of clotting factors
e. Assessment of neurologic status, including worsening encephalopathy, as well as focal neurologic deficits, as positioning injuries with consequent

neurologic deficits are not uncommon

transplantation, are encouraged to lose weight because obesity
is associated with increased perioperative mortality.

Preanesthetic evaluation
The prescreening process to place a patient on the liver trans-
plant list is rigorous. Most patients have had an extensive diag-
nostic and risk stratification assessment in preparation for liver
transplant. Patients for hepatic surgery should be evaluated
as indicated by their health status and the surgical severity,
with the surgery itself being considered “high-risk” or “major”
surgery. The immediate preoperative anesthetic evaluation on
the day of surgery should be focused on the history and phys-
ical examination relevant to the case immediately at hand
(Table 104.2).

The physical examination should be tailored for the patient
undergoing major intra-abdominal surgery. Special attention
should be paid to the assessment of ascites, as it potenti-
ates the possibility of gastric regurgitation and aspiration, and
may compromise pulmonary performance, manifesting as dys-
pnea and atelectasis secondary to ascites, which further reduces
the functional residual capacity [FRC]. Attention should also
be paid to sites for vascular access. Landmarks for internal
and external jugular cannulation, as well as subclavian access,
should be examined, as well as peripheral venous and arterial
sites on both arms.

Laboratory tests and diagnostic studies should focus on car-
diac performance, pulmonary function, hepatic synthetic and
excretory function, coagulation status, hemoglobin, and renal
function. Table 104.3 summarizes the most pertinent studies.

For liver transplant recipients, cardiac functional testing
proximate to the date of surgery is important, as orthotopic liver
transplantation is still, physiologically, a highly stressful opera-
tion with potential for sudden, massive, and ongoing blood loss
complicated by extreme electrolyte derangements. Untreated
significant coronary disease is potentially lethal in the setting of
liver transplantation. In one study, half of all patients with coro-
nary artery disease who underwent liver transplantation died
in the perioperative period, and the morbidity rate was 81%.

Patients should be able to, hypothetically, tolerate variable peri-
ods with heart rates greater than 110 bpm, mean arterial pres-
sure (MAP) � 50 mm Hg, hemoglobin of 7 gm/dl, and pH �
7.2. Most transplant programs use a cardiac risk stratification
schema similar to that devised by Plevak. The version used by
our program, for example, is shown in Fig. 104.1.

Portopulmonary hypertension is an important contributor
to morbidity and mortality in liver transplantation. Half of the
patients with mean pulmonary pressures between 35 and 50
mm Hg died in the peritransplant period, and mortality was
100% in those with mean pulmonary artery pressure � 50
mmHg. Because of this result, patients with moderate to severe
portopulmonary hypertension are typically refused transplan-
tation.

Perioperative management
Timing of surgery- and anesthesia-related events must be well
coordinated, as one donor typically supplies organs to many

Table 104.3. Preoperative laboratory tests and diagnostic studies for
liver transplant patients

All patients-
• Serum albumin and bilirubin (hepatic synthetic function)
• Coagulation studies (prothrombin time, partial thromboplastin time,

fibrinogen, and platelet count)
• Hemoglobin/hematocrit
• Blood type and antibody screen
• Serum electrolytes (Na+ , K+ , Cl− , Ca2+ , Mg2+ , PO4

−)
• BUN and creatinine
• Electrocardiogram

Liver transplant recipients (and patients for hepatectomy, as indicated)
• ABG measurement (for both pulmonary and renal function)
• Dobutamine stress echocardiogram (or, possibly, exercise stress

thallium imaging test)
• Transthoracic echocardiogram (to exclude structural cardiac disease

and portopulmonary hypertension)
• Preoperative chest radiograph
• Pulmonary function testing

BUN, blood urea nitrogen; ABG, arterial blood gas.
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Clinical predictor of coronary
artery disease?*

Diagnostic Approach to Inducible Myocardial Ischemia

Rest transthoracic
echocardiogram

Transthoracic
echocardiogram and
dobutamine stress

Coronary
angiography

Complete OLT evaluation

*Clinical predictors

Revascularize vs.
cancel evaluation

Yes

Normal

No

Abnormal

Normal Abnormal or inadequate stress

Normal Abnormal

•History of coronary disease or congestive heart failure
•Signs and symptoms of coronary disease or congestive heart failure
•Abnormal ECG
•Diabetes
•Current or prior smoking
•Hypertension
•Hyperlipidemia
•Obesity
•Age > 50 for males, > 55 for females
  even in absence of any above

Figure 104.1. Suggested algorithm for assessment
of inducible myocardial ischemia. OLT, orthotopic
liver transplantation. Modified from Sandberg WS,
Raines DE. Anesthesia for liver surgery and trans-
plantation. In: Longnecker D, Brown D, Newman M,
Zapol W. Anesthesiology. New York: McGraw-Hill;
2008, with permission.

hospitals, and procedural delays can ripple widely. Liver trans-
plant recipients are usually brought to the operating room (OR)
area and undergo several preparatory procedures in advance of
knowing whether the donor liver is actually suitable for trans-
plantation. After the harvested organ is deemed suitable, the
patient will undergo induction of anesthesia and placement of
several invasive monitoring catheters. Concerns and activities
during anesthesia for liver transplantation mirror the major
phases of the surgery (Table 104.4).

Monitoring and vascular access
Again, many considerations about monitoring apply equally
to liver transplant and hepatic resection. Typical monitoring

consists of American Society of Anesthesiologists (ASA) stan-
dard monitors and selected invasive monitors.
� Blood pressure monitoring is accomplished by an arterial

catheter, which is useful for early recognition of
hypotension and for obtaining frequent blood samples.

� Central venous pressure (CVP) measurement is useful to
guide intravascular volume replacement and to assess right
heart pressures when the dissection is expected to be
bloody. Central venous access has the added benefit of
providing a conduit for potent vasopressor administration.

� A pulmonary artery catheter is sometimes used for
measuring pulmonary artery pressures (especially for
assessing pulmonary hypertension); assessing left heart

653



Part 18 – Anesthesia for General Surgical Procedures

Table 104.4. Liver transplant anesthetic phases

Anesthetic phase Surgical correlate

• Preinduction • Beginning of harvest procedure,
evaluation of donor organ

• Induction, preparation for
surgery, and
maintenance

• Donor organ harvest and transport
to recipient hospital

• Preanhepatic phase • Recipient hepatectomy is
performed; donor liver is prepared
for implantation

• Anhepatic phase • Vascular anastomoses between the
donor liver and recipient’s vessels
are constructed

• Venous reperfusion of the
graft

• Venous clamps removed; surgeon
may limit flow of blood through
organ to smooth hemodynamic
insult

• Neohepatic phase • Hepatic arterial and biliary
anastomoses are constructed;
wound is closed

• Emergence/transport to
ICU

• Assumption of homeostatic control
from the anesthesia team

filling pressures via pulmonary artery occlusion pressure
(i.e., wedge pressures); following cardiac output, which is
usually elevated to 10 L/min (± 2 L/min) in the setting of a
hyperdynamic circulation; and guiding pharmacologic
therapy in the setting of hypovolemia from dystonic
peripheral vasculature.

� Transesophageal echocardiography can also provide
information regarding both intravascular volume status
and cardiac performance, especially early detection of large
embolic events (i.e., air embolus or thrombus).

� Many teams use some form of level-of-consciousness
monitoring, often with the goal of minimizing exposure to
anesthetic agents and their negative inotropic effects. The
interpretation of these data are not straightforward,
however, as hepatic encephalopathy itself depresses the
bispectral index.

Peripheral vascular access with multiple large intravenous
(IV) catheters (i.e., 16 gauge or larger), above the diaphragm, is
usually sufficient – this is often the only vascular access placed
prior to anesthetic induction. One helpful device is called the
rapid infusion catheter (RIC; Arrow International, Reading,
PA), an 8.5 French peripherally inserted catheter useful for
rapid infusion of large volumeswith a high-flow infusion pump.
It can be placed in any large peripheral vein. Antecubital or
cephalic veins are commonly chosen, but even distal veins on
the forearm and hand can be used if they are large enough.
The RIC alleviates the need for multiple central lines that might
be required to pass a pulmonary artery catheter, run multiple
infusions, and accommodate high-flow administration of large
volumes.

Another development in the intraoperative management of
liver transplant surgery is the use of venovenous bypass (VVB)
to decompress the inferior venous systemic and/or portal

circulations. This modality, first described in 1984, maintains
venous return to the heart by bypassing the portal circula-
tion after the hepatic vessels have been cross-clamped. VVB
is accomplished by actively pumping blood (with flow rates of
1.5–5 L/min) in a circuit usually from the left femoral vein via
a percutaneous catheter (inserted by the surgical team), to a
large venous vessel that drains into the superior vena cava (SVC)
above the liver (i.e., internal jugular vein, subclavian vein, or
axillary vein). The anesthesia or surgical team performs the
return line cannulation via cutdown to the left axillary vein
(by the surgical team) or percutaneously. The portal vein, if
accessed, is cannulated intraoperatively via the surgical field.
It is important to make sure there is no air in the circuit prior
to starting bypass and that all the connections are connected
tightly, as any air in the system would be catastrophic.

Induction and maintenance of anesthesia
Liver transplantation produces at least transient hepatic dys-
function, so it may be preferable to choose drugs for
which elimination is not completely dependent on hepatic
metabolism. In practice, the dose-to-effect mode of adminis-
tration is almost always sufficient to minimize the interaction
between choice of anesthetic and the effect of liver transplanta-
tion.

Induction of anesthesia is typically accomplished using
standard methods. Careful attention should be directed to ade-
quate denitrogenation, as ascites significantly reduces FRC.
Furthermore, patients with ascites should be considered to
have a full stomach and receive a rapid-sequence induction
with cricoid pressure, if not otherwise contraindicated. Doses
of hypnotic drugs, such as propofol or pentothal, should be
reduced. Alternately, etomidatemay be used to avoid the hemo-
dynamic consequences of propofol. Skeletal muscle paralysis
may be achieved either using succinylcholine followed by a
nondepolarizing agent (e.g., vecuronium, cisatracurium) or by
a rapid-sequence induction dose of rocuronium. Antibiotics
directed against skin flora (e.g., cefazolin) should be given no
more than 60 minutes before incision and redosed appropri-
ately to account for pharmacologic elimination or loss due to
hemorrhage.

Anesthesia is maintained by standard methods. Any com-
monly used halogenated inhalational agent (e.g., isoflurane,
sevoflurane) may be used for maintenance. Many anesthe-
siologists avoid nitrous oxide, as it can contribute to bowel
distension. Intermediate-acting opioids, such as morphine,
hydromorphone, or fentanyl, are titrated to meet the patient’s
needs for analgesia. Paralysis is maintained to facilitate sur-
gical exposure. Like that of antibiotics, readministration of
IV drugs must be adjusted to account for losses due to
hemorrhage.

Positioning the patient on the operating table is important.
The patient is supine, and the right arm is usually tucked
to allow for better surgical access. No critical monitors or
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Table 104.5. Major foci of intraoperative management during anesthesia for orthotopic liver transplantation

Major focus
(problem or
organ system) Subtopics Related andmodifying factors

Cardiac Ischemic potential
Dysrhythmias
Right ventricular performance

Hemorrhage (demand and carrying capacity)
Acid–base and electrolyte disturbances
Emboli, hepatic washout

Portal-to-central
venous gradient

Graft perfusion is tenuous Need to keep CVP adequate to provide cardiac preload during vena cava
cross-clamping

Need to prevent venous air embolism
Sudden hemorrhage

Renal performance Urine output Hypovolemia and hypotension
Preexisting renal disease
Need for intraoperative renal replacement therapy

Anesthesia Hypnosis
Analgesia
Muscle relaxation

Patients may not tolerate cardiovascular depression from deep anesthesia

Brain protection Acute brain herniation can happen, especially in
fulminant hepatic failure

Intracranial pressure monitoring risky but helpful
Barbiturates and mild hypothermia (34◦C) may be helpful

Immunosuppression Different regimens depending on indication for
OLT

Prophylaxis Temperature management
DVT prophylaxis
Preemptive antibiotics

Large incision, large prepped area
Dilution due to massive hemorrhage

Glucose
management

Coexisting diabetes Steroid administration
Absent gluconeogenesis during anhepatic phase

Coagulation Hypocoagulable state due to liver failure
Platelet sequestration
Platelet dysfunction due to uremia

Massive hemorrhage
Acute fibrinolysis at graft reperfusion

Electrolytes Potassium
Sodium
Calcium

Elevated by K load in blood products
Hyponatremic patients at risk for CPM with massive infusions of sodium-rich fluids
Citrate in blood products chelates Ca2+

Pulmonary
performance

Ventilation
Oxygenation
Pulmonary vascular resistance

May be impaired by pleural effusions
May be impaired by intrapulmonary shunts
Acutely elevates in the face of acid load at graft reperfusion

Hemodynamics Vasodilated hyperdynamic circulation
Massive hemorrhage
Vena cava compression
Possible VVB

OLT, orthotopic liver transplantation; DVT, deep vein thrombosis; CPM, central pontine myelinolysis.
Modified from Sandberg WS, Raines DE. Anesthesia for liver surgery and transplantation. In: Longnecker D, Brown D, Newman M, Zapol W. Anesthesiology. New
York: McGraw-Hill; 2008, with permission.

vascular access catheters should be placed in this extremity.
The procedure time is long so there is great risk of positioning
injuries from many potential pressure points. All pressure
points should be supported and padded with viscoelastic gel or
soft, compressible foam. The operation is performed through
a right-sided subcostal incision extended across the midline
to the left subcostal area and sometimes upward along the
midline toward the xiphoid.

The surgical preparation for a liver transplant covers the
entire abdomen and lower chest, left groin, and, sometimes,
the left axilla. This large preparation area makes it initially dif-
ficult to maintain satisfactory body temperature. With such a
large area exposed, patient warming is important and needed to
maintain good clotting performance and to minimize the risk

of surgical site infection. Forced-air warming blankets applied
to (1) the lower limbs and (2) the upper chest, left arm, and
head and a full under-body unit, all together, are highly effec-
tive at maintaining normothermia after the drapes have been
applied. IV fluids must be actively warmed during infusion,
given the high volume of cooled blood products that are trans-
fused. Warming is usually accomplished by a high-flow warm-
ing device which, ideally, has a reservoir for blood products,
a debris filter, an air-removal system downstream from the
warmer, a pump, and air detectors. Flow capacities are depen-
dent on either the device’s pump or the gauge of catheter used.

A summary of the variety of homeostatic goals to which the
anesthesia team attends throughout a liver transplant can be
found in Table 104.5.
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Preanhepatic phase
The preanhepatic phase of the surgery is the point at which a
total hepatectomy is being performed.

Surgical approach
After surgical exposure of the hepatic vasculature, the hepatic
artery, portal vein, and the common bile duct are clamped and
divided in one of two different techniques:

(1) An en bloc technique in which the inferior vena cava
(IVC) is clamped above and below the liver, and part of it
is resected and replaced with a section of the donor vena
cava. This technique causes potentially massive loss of
venous return and profound hemodynamic instability.
VVB bypass (see Monitoring and Vascular Access above)
may be used to minimize these insults.

(2) A “piggyback” technique in which the recipient IVC is
preserved and clamped with a side-biting clamp and an
end-to-side anastomosis is constructed to the donor liver
venous outflow. This method preserves vena cava flow,
except for a few minutes during the anastomosis, and may
significantly reduce severity of physiologic problems.

While the hepatectomy is being performed, a separate surgical
team prepares the graft vessels on the donor liver.

Anesthetic concerns
Clamping the portal triad reduces venous return, although car-
diac output and blood pressure do not necessarily decrease.
In contrast, cross-clamping the IVC reduces systemic blood
pressure and cardiac output secondary to the large reduction
in venous return. While moderate decreases in cardiac out-
put and blood pressure can be treated by vasopressor admin-
istration, preferably an agent with some inotropic activity (e.g.,
norepinepherine), and judicious intravascular volume expan-
sion, severe cardiovascular compromise may require institu-
tion of VVB. Targeting for CVP between 7 and 10 mm Hg also
reduces the incidence of postoperative renal failure and 30-day
mortality.

The goals of hemodynamic management (see Table 104.6)
are to provide sufficient circulating volume, vascular resistance,

Table 104.6. Major contributors to hemodynamic changes during liver
transplantation

• Episodic alterations in venous return
• Hemorrhage
• Sepsis
• Acidemia
• Hypocalcemia due to citrate toxicity
• Embolism (air or thrombotic)
• Acute right ventricular failure
• Graft reperfusion (due to sudden acid load and temperature decrease)

Fluid and blood component replacement strategy 

Crystalloids

Colloids

Plasma

Red cells

Platelets

0 0.5 1.0 1.5 2.0

Target INR  1.5

Target Hct  30

Target Plt  50k

Estimated blood loss (blood volumes)

Figure 104.2. High-level overview of one volume and blood component
replacement strategy for liver transplantation requiring massive transfusion.
All fluids are warmed. The thickness of the bars represents the approximate
relative proportions of each fluid in the replacement infusions. Modified from
Sandberg WS, Raines DE. Anesthesia for liver surgery and transplantation. In:
Longnecker D, Brown D, Newman M, Zapol W. Anesthesiology. New York:
McGraw-Hill; 2008, with permission.

and cardiac output to perfuse the vital organs. This manage-
ment is guided by urine output, CVP, and minimal vasopres-
sor requirements, except during periods of inadequate venous
return.

The goal of volume management and transfusion is to
maintain adequate volume to support good circulation. Large-
volume hemorrhage requires direct intervention to control the
composition of the circulating intravascular volume and coex-
istent coagulopathy.

Figure 104.2 gives an overview of volume and transfusion
management strategies as a function of blood loss during trans-
plantation. Volume replacement therapy should attend to pre-
serving or moving clotting potential toward a normal state
as part of the effort to reduce blood loss (see Tables 104.7
and 104.8).

Table 104.7. Intraoperative transfusion therapies

Tomaintain intravascular
volume

Tomaintain coagulation
capacity

• 5% Albumin • FFP
• FFP (when coagulopathic) • Platelets
• PRBCs • Epsilon aminocaproic acid (AMICAR;

Wyeth-Ayerst, Madison, NJ) –
antifibrinolytic

• Good surgical technique • Cryoprecipitate (concentrated
source of fibrinogen)
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Table 104.8. Serial intraoperative laboratory studiesa

Parameter Purpose

Hemoglobin/hematocrit Gauge volume of blood loss/red cell mass,
manage transfusion with RBCs

PT/INR, PTT, platelet count,
D-dimer, fibrinogen
thromboelastography

Determine coagulation performance
(clot initiation, formation, lysis)

ABG Follow acid–base status, assess/correct
acidemia/metabolic acidosis

Electrolytes (Na+ , K+ , Cl− ,
Ca2+ , Mg2+ , PO4

−)
Help assess potentially hemodynamically
destabilizing blood levels (i.e.,
hypocalcemia from chelation by sodium
citrate in transfused RBCs and FFP)

Blood glucose Treat hypoglycemia (or hyperglycemia)
during anhepatic phase

a Drawn every 30 minutes after the beginning of surgery.
PT, prothrombin time; INR, international normalized ratio; PTT, partial throm-
boplastin time; ABG, arterial blood gas.

Anhepatic phase
The anhepatic phase of liver transplantation occurs from the
point at which the native liver is sufficiently compromised to
no longer function (i.e., hepatic artery clamping) until the new
liver is reperfused. This is a relatively quiet time, hemodynam-
ically speaking, especially if a piggyback technique or VVB (en
bloc resection) is used. Vasopressors may be needed if there is
no venous return conduit because of IVC clamping.

The donor liver is brought over from the separate work-
table to the surgical field and kept on ice while the vascular
anastomoses are completed. It is during the early part of this
phase that immunosuppressive drugs are given, usually 100 mg
of IV methylprednisolone, to supplement the induction dose
of mycophenolate mofetil (CellCept, Roche Pharmaceuticals)
given prior to surgery.

Metabolic acidosis may develop in the anhepatic phase due
to portal cross-clamping, and partial or complete IVC cross-
clamping, in addition to the loss of residual ability to clear
organic acids. Ongoing transfusion of low-pH, citrated blood
products also contributes to the acidemia, as does a release
of an acid load and metabolic waste products during reperfu-
sion. The latter is corrected by hyperventilation and IV sodium
bicarbonate.

During the anhepatic phase of liver transplantation, there
may be significant changes in potassium balance which favor
hyperkalemia. Factors that influence this include infusion of
large-volume blood products (e.g., packed red blood cells
[PRBCs], fresh frozen plasma [FFP]) with high potassium
concentrations, splanchnic ischemia, metabolic acidosis, com-
promised renal function, and the potassium-rich preservative
solution used for the donor liver. Hyperkalemiamust be treated
to avoid myocardial irritability and cardiac dysrhythmias. Var-
ious treatment modalities include potassium-wasting diuretics,
bicarbonate, glucose and insulin, and/or continuous venove-
nous hemofiltration or conventional dialysis in patients with
compromised renal function.

Renal failure requiring renal replacement therapy (e.g., dial-
ysis or continuous venovenous hemofiltration) is common after
liver transplantation, but is associated with higher mortality
rates than in patients who have preserved renal function.Main-
taining an adequate circulating volume or a selective medical
therapy facilitates preservation of renal function. A commonly
used clinical adjunct for assessing renal function is measuring
urine output, with a target of 1 ml/kg/h.

Use of large amounts of citrated blood products causes a
concomitant reduction in ionized calcium due to chelation.
Consequences of hypocalcemia include depressed inotropy and
vascular tone and abnormal clotting. Calcium is replaced with
calciumgluconate or calciumchloride to achieve the lowest ion-
ized calcium concentration necessary for adequate cardiac per-
formance and coagulation (∼0.9–1.0 mmol/L). After the donor
liver is functioning, it readily metabolizes the citrate chelator
and may lead to a rebound postoperative hypercalcemia.

Glucosemanagement during liver transplant is usually fairly
straightforward. Because the liver is the major site of gluconeo-
genesis, complete hepatectomy creates the possibility of intra-
operative hypoglycemia, although this is rarely a problem in
clinical practice.

Neohepatic phase
Graft reperfusion
The neohepatic phase begins with the initial reperfusion of the
liver. Volume status and hemodynamic performance must be
optimized prior to this event. The perireperfusion period is
chaotic, and all potential anesthesia-related distractions (e.g.,
medication redosing, IV bag/syringe changes, sending labo-
ratory studies) should be addressed prior to this time. Fur-
thermore, abnormalities in pH, K+, and/or Ca2+ should be
corrected, and sodium bicarbonate, glucose and insulin, and
calcium chloride should be prepared and ready for use.

Immediately prior to reperfusion, the donor liver is flushed
antegrade from portal vein to hepatic vein with crystalloid, col-
loid (e.g., 5% albumin) or blood to wash out the potassium- and
heparin-rich preservative solution.The venous anastomoses are
then sutured closed, and the hepatic vein and portal vein clamps
are removed.

Graft reperfusion, with release of residual preservative solu-
tion, air, clot, debris, and acidemic blood, is a major insult
on cardiovascular performance. Possible consequences include
acute pulmonary hypertension causing acute right heart dys-
function with resultant elevation in right heart pressures and
CVP, reduced systemic pressure and coronary perfusion pres-
sure due to inadequate left ventricular preload, and, finally,
if the multiple insults are significant enough, cardiovascular
collapse and cardiac arrest. In preparation for this insult, the
patient is often hyperventilated to lower end-tidal carbon diox-
ide (CO2) and blood pH is increased to induce pulmonary
vasodilation. Infusions of vasopressors such as epinephrine,
dopamine, and/or norepinephrine should be available and
ready for use to support the heart and circulation. Some
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Table 104.9. Factors contributing to late blood loss

• Coagulopathy due to synthetic failure
• Thrombocytopenia
• Platelet dysfunction
• Dysfibrinogenemia
• Dilutional coagulopathy
• Hypothermia
• Surgical technical problems with hemostasis
• Acute postreperfusion fibrinolysis syndrome

anesthesiologists also use small prophylactic doses of a vaso-
pressor, such as epinephrine (10-�g boluses), at the time of
reperfusion. Selective pulmonary vasodilators, such as inhaled
nitric oxide, may be useful at this point. If cardiac arrest occurs,
AdvancedCardiac Life Support (ACLS) protocols should be fol-
lowed, with treatment directed at the presumptive major prob-
lem. If necessary, percutaneous venoarterial cardiopulmonary
bypass may also be used.

Postgraft reperfusion
After the venous anastomoses are complete and venous reper-
fusion of the liver has occurred, the hepatic artery anastomo-
sis is constructed to deliver oxygenated blood to the new liver,
followed by construction of the bile duct connection, either
directly or with a Roux-en-Y anastomosis.

Clotting activity is often deranged during the immediate
reperfusion period, as fibrinolysis is increased from reduced
clearance of tissue plasminogen activator (t-PA) during the
anhepatic phase (see Table 104.9). The anesthesiologist’s main
goal at this point in the transplant is to stop clot lysis and pro-
vide adequate levels of platelets and clotting factors (by way of
FFP) to support clotting.

Although controversial in liver transplantation due to
concerns of unwanted thrombosis (e.g., clinically significant
pulmonary embolism, stroke, myocardial infarction, graft
thrombosis), antifibrinolytic agents including aprotinin,
tranexamic acid, and epsilon aminocaproic acid have been

Table 104.10. Common complications in liver transplantation and liver surgery

Complication Consequence Solution

Massive transfusion 1) Pulmonary edema
2) TRALI
3) Intra-abdominal hypertension
4) Viral infection (e.g., CMV chemoprophylaxis)

Diuresis, controlled phlebotomy
Supportive care
Leave abdomen open, re-exploration

Anastomotic leaks
– Bile ducts
– Vascular

Hemorrhage, hematoma, biloma Re-exploration and anastomotic revision

Vascular anastomotic
stenosis/thrombosis

1) Hepatic artery thrombosis (most common)
2) Portal vein thrombosis

1) Diagnosis w/hepatic ultrasound
2) Reoperation for thrombectomy
3) Relisting as Status I for new transplant if defect

uncorrectable

Neurologic 1) CPM
2) Peripheral nerve injury

1) Judicious correction of preoperative hyponatremia
2) Proper positioning of retractors, padding

TRALI, transfusion-related acute lung injury; CMV, cytomegalovirus; CPM, central pontine myelinolysis.

used to reduce fibrinolysis and transfusion requirements. Use
of these agents during liver transplant should be reserved for
patients with a high risk of severe hemorrhage. Aprotinin is
now of largely historical interest because of an excess morbidity
and mortality when used in cardiac surgery.

Postoperative preparations
During the neohepatic phase, the anesthesia team prepares for
the postoperative disposition of the patient (see Table 104.10).
Most liver transplant recipients are discharged from the OR to
an ICU bed. The patient should be transported on an ICU bed,
with all necessary infusions running and the patient fullymoni-
tored. Although early extubation (i.e., in theOR) is possible and
desirable, most patients are left intubated for pulmonary sup-
port in the early postoperative period and gradually prepared
for extubation within one to two days. Furthermore, although
positive end-expiratory pressure (PEEP) may decrease cardiac
output, it does not have amajor effect on graft function andmay
be needed to counteract the pulmonary consequences of post-
operative intra-abdominal hypertension.

Postoperative pain management is usually relatively
straightforward and done with potent opioids (e.g., morphine,
hydromorphone). Epidural analgesia is avoided because of the
profound perioperative coagulopathy in end-stage liver disease.
For some unknown reason, liver transplant patients tend to
have less postoperative pain than do hepatectomy patients,
although some studies have suggested that immunosuppressive
steroids used may have some analgesic effects.
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105 Thyroid disorders
Emily A. Singer and Pankaj K. Sikka

Anatomy
The thyroid gland is located in the neck, anterior to the tra-
chea, and between the cricoid cartilage and the suprasternal
notch. It consists of a right and left lobe, joined in the middle
by the isthmus (see Fig. 105.1). It is a highly vascular organ,
fed by the superior and inferior thyroid arteries. It is impor-
tant to note that the superior thyroid artery is a branch of the
external carotid artery and that the inferior thyroid artery is a
branch of the thyrocervical trunk, which arises from the sub-
clavian artery. Superior, middle, and inferior thyroid veins are
responsible for drainage. It is bordered laterally by the recur-
rent laryngeal nerves (RLNs), arising from the vagus nerve. In
addition, the external branch of the superior laryngeal nerve
runs lateral to the upper pole of each lobe. The four parathy-
roid glands lie posterior to the upper and lower poles of each
thyroid lobe.

Physiology
The follicular cells of the thyroid gland produce two circulat-
ing hormones, T3 and T4. Approximately 80% of circulating
thyroid hormone is T4; however, T3 is the more active thyroid
hormone. The hormones circulate in the blood mainly bound
to thyroid binding globulin (TBG) and, to a lesser extent, to
albumin. In the periphery, T4 is converted to T3 and reverse T3
(rT3), which is inactive. T3 acts on nuclear receptors to influ-
encemetabolism.Thyroid hormones increase carbohydrate and
fat metabolism, thereby affecting growth andmetabolic rate. As
a result of their effect on metabolism, they are partially respon-
sible for changes in oxygen consumption, carbon dioxide pro-
duction, andminute ventilation.They also affect heart rate (HR)
and contractility, and therefore, cardiac output.

Thyroid hormone production is dependent on a dietary
source of iodine. Lack of iodine produces goiter, and with more
severe deficiency, produces hypothyroidism and cretinism. In
the gastrointestinal (GI) tract, dietary iodine is reduced to
iodide and released into the circulation. Iodide is taken up by
the follicular cells of the thyroid gland, where tyrosine is iod-
inated to form monoiodotyrosine (MIT) and diiodotyrosine
(DIT), which are then coupled by an oxidation reaction inside
the follicular cells to form T3 and T4. This reaction is stimu-
lated by the thyroid-stimulating hormone (TSH) secreted from

the anterior pituitary, the production and secretion of which
is in turn stimulated by the thyroid-releasing hormone (TRH)
secreted from the hypothalamus. Circulating T3 and T4 nega-
tively feed back on TSH secretion (Fig. 105.2).

Hyperthyroidism
Hyperthyroidism is a syndrome caused by excessive secretion of
thyroid hormones, occurring more commonly in women. The
diagnosis is generally made by the presence of a high free T4 or
free T3 and a low TSH level. Hyperthyroidism is most threat-
ening to the cardiovascular system and can lead to tachycar-
dia, arrhythmias, atrial fibrillation, and congestive heart failure
(Table 105.1).

Causes
Themost common cause of hyperthyroidism is Graves’ disease
(multinodular diffuse goiter). The disease is caused by thyroid-
stimulating antibody (TSAb), an IgG antibody directed against
the TSH receptors of the thyroid follicular cells. Because the
TSAb operates outside the normal T3/T4–TSH feedback loop,
it stimulates the excess production of T3 and T4, causing pro-
gressive hyperthyroidism thatmay lead to thyrotoxicosis. Other
causes of hyperthyroidism include toxic thyroid adenoma, a
functioning thyroid carcinoma, thyroiditis, pregnancy, amio-
darone, and radiation therapy.

Treatment
Hyperthyroidism can be treated medically or surgically. Non-
emergency surgery, including thyroidectomy, on the hyperthy-
roid patient should be avoided until the patient is clinically
euthyroid. Even after a patient has been rendered euthyroid,
antithyroid medications and β-blockers should be given on the
morning of surgery.

Medical therapy includes the usage of propylthiouracil
(PTU) and methimazole, both of which interfere with thy-
roid hormone synthesis by inhibiting oxidation and coupling
of inorganic iodide. PTU, in addition to its action within the
thyroid gland, also inhibits the peripheral conversion of T4 to
T3. Side effects of antithyroid drugs include agranulocytosis,
thrombocytopenia, and hypoprothrombinemia. β-blockers,
such as propranolol or atenolol, are effective in controlling the
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Figure 105.1. Anatomy of the thyroid gland and
its relation to the parathyroid glands and the larynx.

adrenergic symptoms of hyperthyroidism. β-blockers decrease
tachycardia (goal of HR � 90 bpm), tremor, and anxiety. In
addition, they inhibit the peripheral conversion of T4 to T3.
Nonselective β-blockers should be used cautiously in patients
with asthma or congestive heart failure (CHF). Also, gluco-
corticoids (dexamethasone) may be useful as they inhibit thy-
roid hormone secretion as well as peripheral conversion of T4
to T3.

Medical therapy can be used alone or as a pretreatment
to radioiodine thyroid ablation or surgery. Patients should be
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Figure 105.2. Hypothalamus–pituitary–thyroid axis.

pretreated with PTU or methimazole prior to radioiodine abla-
tion, in order to diminish the risk of mobilizing the stores of
thyroid hormones and therefore worsening the thyrotoxico-
sis. These medications will need to be stopped approximately 3
days prior to ablation therapy to achieve optimal results. Many
patients become hypothyroid after radioiodine ablation and
require treatment with levothyroxine (T4). Subtotal or total thy-
roidectomy may be used for hyperthyroid patients who have
very large goiters, who fail medical or radioiodine therapy, or
who are pregnant. Surgery is treatment of choice for thyroid
cancer, toxic adenomas, and enlarging thyroid nodules. If a total
thyroidectomy is performed, the patient will require levothy-
roxine therapy postoperatively.

Anesthetic considerations
Patients with goiter should be carefully evaluated for airway dif-
ficulties and tracheal deviation. Usually surgery is conducted
with endotracheal intubation; however, the use of the laryn-
geal mask airway (LMA) is becoming increasing popular. The
use of LMA allows the visualization of vocal cords in a sponta-
neously breathing patient. For induction of anesthesia, thiopen-
tal, because of its slight antithyroid effect, may be a better choice
than other induction agents. Hyperthyroid patients are fre-
quently hypovolemic, and close attention to fluid balance is nec-
essary. In addition, hypovolemia and vasodilationmay cause an
extreme hypotensive response during induction.

Table 105.1. Symptoms and signs of hyperthyroidism

Cardiovascular – Palpitations, tachycardia, elevated systolic blood pressure,
CHF, atrial fibrillation, arrhythmias, increased ventricular contractility
Central nervous system – Fine tremor, rapid speech, irritability, restlessness,
nervousness, sweating, heat intolerance, hyperactivity, muscle weakness,
fatigue
Ophthalmic – Eyelid lag or retraction, proptosis, or exophthalmos
Other – Weight loss, hair loss, diarrhea, oligomenorrhea, leg swelling,
pretibial myxedema
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If emergency surgery is required for a patient who is cur-
rently hyperthyroid, extremely close monitoring of HR, cardiac
function, body temperature, and fluid status is critical. Tachy-
cardia, which may induce CHF, can be treated with esmolol
(100–300 µg/kg/min IV), titrated to HR, pulmonary artery
wedge pressure, and clinical evidence of heart failure. Sympath-
omimetic drugs (ketamine, pancuronium) should be avoided,
as they may cause exaggerated hypertensive and tachycardic
responses. Cooling blankets may be necessary for the hyper-
thermic patient.

Muscle relaxation should be guided by a “twitch monitor”
as myopathy and myasthenia gravis are more common in
the thyrotoxic patient. Intravenous (IV) steroid administra-
tion is recommended to prevent complications from coexist-
ing adrenal suppression. Patients with exophthalmos should
have their eyes carefully taped closed to avoid inadvertent
corneal abrasion. Although the increased cardiac output may
increase the uptake of inhaled volatile anesthetics, MAC (min-
imum alveolar concentration) is not increased. In addition,
the sympathetic blockade provided by regional anesthesia
may be beneficial for nonthyroid surgeries in hyperthyroid
patients.

Additional anesthetic implications
Because of the intimate physical relationship among the thyroid
gland, RLN, and the parathyroid glands, surgical complications
can have a direct effect on anesthetic management.

Nerve damage
Damage to only one RLN causes hoarseness, as the paralyzed
nerve causes the vocal cord on that side to assume an intermedi-
ate position. Damage to both RLNs, a risk associated with total
thyroidectomy, causes aphonia and total airway obstruction as
the vocal cords fall toward the midline. Damage to the superior
laryngeal nerves, which are responsible for sensation above the
larynx, causes hoarseness and an increased risk of pulmonary
aspiration.

Prevention and early recognition of nerve damage can be
pursued through a variety of mechanisms. During surgical dis-
section, the RLN is identified with the goal of preservation;
however, identification can be difficult in a patient with an
altered neck anatomy. Endotracheal tubes with external wires to
detect electromyographic (EMG) activity from electrical stim-
ulation of the RLN are commercially available. In addition,
several studies have shown that the use of a fiber-optic broncho-
scope through an LMA can be used by the anesthetist to con-
firm vocal cord response to electrical stimulation of the RLN by
the surgeon. This technique can be used intraoperatively, when
working near the RLN territory as well as prior to extubation
to confirm patency of the airway. Whether an LMA or endotra-
cheal tube is used, the patient should be asked to phonate (say
“e”) after extubation. Evidence of bilateral RLN injury should
be followed by immediate reintubation, which is often followed
by tracheostomy.

Airway issues
Other airway issues may arise from a large goiter, which may
cause tracheal compression on induction of anesthesia. These
patients should be handled as any other patient with a potential
for airway compromise. Sedation should not be excessive, and
awake intubation should be considered. A firm endotracheal
tube should be used, and should extend past the point of airway
compression. Extubation should occur when the patient is fully
awake, and the anesthetist should be prepared for reintubation
in case the large thyroid gland has caused weakening of the tra-
cheal rings (tracheomalacia) that might lead to airway collapse.
Postoperatively, a hematoma at the surgical site can cause air-
way compromise. Treatment involves opening the wound and
evacuating the clot, as well as preparing for intubation or a sur-
gical airway. In addition, extensive neck explorationmay lead to
an inadvertent pneumothorax, especially in patients with lung
disease.

Hypocalcemia
Total thyroidectomy increases the risk of inadvertent parathy-
roidectomy and resulting hypocalcemia. Hypocalcemia can
develop as soon as 1 hour after surgery, but more commonly
develops 1 to 3 days postoperatively. Tetany is perhaps the most
concerning manifestation of hypocalcemia.The laryngeal mus-
cles are sensitive to hypocalcemia, and inspiratory stridor lead-
ing to laryngospasm may be the first sign of hypocalcemia.
Treatment includes prompt administration of calcium.

Thyroid storm
Thyroid storm, a life-threatening exacerbation of hyperthy-
roidism, may occur due to sudden and massive release of thy-
roid hormones into the circulation. It usually occurs 6 to 24
hours postoperatively, but may occur intraoperatively mimick-
ing malignant hyperthermia.Thyroid storm can also be precip-
itated by an acute illness or infection, trauma, stroke, surgery,
or radioiodine therapy. It is a hypermetabolic state present-
ing as tachycardia, hyperthermia, and/or arrhythmias and even
causesmyocardial ischemia or CHF. It is managed (Table 105.2)
by administration of PTU (250–500 mg every 6–8 hours) and
potassium iodide (250 mg every 6 hours) and by supportive
management, including IVfluids, oxygen, and cooling blankets.
β-blockers should be used to control the HR, as tachycardia
can lead to a high-output heart failure. Steroid administration
should be considered: An IV bolus of 10 mg of dexamethasone
followed by 2 mg IV every 6 hours decreases peripheral con-
version of T4 to T3 and treats the relative adrenal insufficiency
caused by the hypermetabolic state. The trigger of the thyroid
storm should be identified and treated.

Hypothyroidism
Hypothyroidism is a disorder of the thyroid gland associated
with a decreased circulation of the thyroid hormones. Diagno-
sis is made on the basis of an elevated TSH (secreted by the
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Table 105.2. Treatment of thyroid storm

Cardiovascular support � IV hydration with isotonic fluid: D5NS until heart rate (HR) and urine output stable,
then D5-1/2NS

� Control HR with β-blockers: propranolol in 0.5-mg increments or esmolol drip
until HR < 90–100

� Consider corticosteroids: dexamethasone 2 mg q6h or cortisol 100–200 mg q8h

Inhibit thyroid hormone
synthesis

� PTU, methimazole
� Potassium iodide or sodium iodide

– 5 drops of potassium iodide (SSKI) q6h starting 1 h after PTU is started
– Sodium iodide 1 g over 12 h

Inhibit peripheral
conversion

� PTU 600 mg load PO or via NGT, then 200–300 mg q6h
� Propranolol

Supportive measures � Antipyretics, cooling blankets
� Oxygen
� Nutrition

Enhance clearance � Cholestyramine (GI clearance)
� Plasmapheresis
� Hemoperfusion

Treat precipitants � Treat infection, diabetic ketoacidosis, stroke, etc

D5NS, 5% dextrose in normal saline (0.9% NaCl); D5-1/2NS, 5% dextrose in 0.45% NaCl; PO, by mouth; NTG, nasogastric
tube.

pituitary) plus clinical symptoms and signs, which are usually
slow to develop (Table 105.3). Thyroid hormone levels may be
normal or low. Hypothyroidism often presents in a subacute
manner, and its diagnosis is often delayed until symptoms have
existed for some time. Often, patients are not aware of their
symptoms until after treatment has begun.

Causes
Common causes of hypothyroidism in the United States in-
clude autoimmune disease, Hashimoto’s (chronic) thyroiditis,
and can also be the result of the treatment for hyperthyroidism
(drugs, radioiodine, or surgery). Worldwide, iodine deficiency
is the most common cause of hypothyroidism. Less common
causes include lithium, amyloidosis, sarcoidosis, scleroderma,
thyroiditis (postpartum, infectious), pituitary disorders, and
hypothalamic disorders.

Table 105.3. Symptoms and signs of hypothyroidism

Slow metabolism – sensitive to drugs
Cardiovascular system – bradycardia, decreased cardiac output and cardiac
contractility, pericardial effusion, vasoconstriction, decreased intravascular
volume, blunted baroreceptor reflexes, peripheral edema
Central nervous system – lethargy, tiredness, weakness, delayed tendon
reflexes, difficulty in concentration, sensitivity to cold, hoarseness of voice,
hair loss
Respiratory system – goiter (autoimmune thyroiditis), dyspnea secondary to
pleural effusion, sleep apnea, decreased ventilatory drive, weakened
diaphragm, decreased production of surfactant
Other – Weight gain but poor appetite, constipation, oligomenorrhea or
amenorrhea, carpal tunnel syndrome, decreased cortisol production

Treatment
Hypothyroidism is treatedwith oral replacement of thyroid hor-
mone (T4, levothyroxine). An IV preparation is available if oral
therapy is not possible or if there is concern that enteral absorp-
tion is impaired. The half-life of T4 is approximately 7 days,
and that of T3 (faster acting than T4) is approximately 1.5 days.
Up to 6months of replacement therapymay be necessary for full
resolution of symptoms. Treatment is guided to a normal TSH
value. Angina pectoris may worsen during thyroid hormone
replacement, for which the patient may need a cardiac evalua-
tion. Patients with coexisting coronary artery disease are at risk
of myocardial ischemia with administration of IV levothyrox-
ine; therefore, emergency coronary revascularization should be
considered for those patients with severe hypothyroidism and
severe coronary disease.

Anesthetic considerations
As with patients with hyperthyroidism, those with severe
hypothyroidism or myxedema coma should not undergo elec-
tive surgery until they have achieved a euthyroid state, although
mild to moderate hypothyroidism is not an absolute con-
traindication to surgery. Patients requiring emergency surgery
should be treated with IV levothyroxine (100–500 µg IV).
Patients with hypothyroidism are sensitive to drug-induced res-
piratory depression and have decreased response to hypoxia.
Therefore, premedication with respiratory depressants, such as
benzodiazepines, should be done with caution, and narcotic
doses should be minimized in favor of nonopioids, such as
ketorolac. Anesthetic requirements (such as minimum alveolar
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concentration) are not decreased in hypothyroid patients.
However, gastric emptying may be delayed in hypothyroid
patients; H2-antagonists and promotility agents, such as meto-
clopramide, may prove beneficial.

Because hypothyroid patients have decreased cardiac out-
put, decreased intravascular volume, and blunted barorecep-
tor reflexes, profound hypotension on induction should be
prevented. This goal can be achieved by induction with
ketamine or by the use of a traditional induction agent (such
as thiopental or propofol) with ephedrine (or other vasoactive
medications). If hypotension is refractory, steroid administra-
tion should be considered, as coexisting adrenal insufficiency
is not uncommon. Fluid and electrolyte balance should be
monitored carefully and treated with appropriate IV solutions.
Because body temperature regulation is altered in hypothy-
roidism, intraoperatively the patient’s temperature should be
monitored andmaintained in the normal range. As with hyper-
thyroidism, there is an increased incidence ofmyasthenia gravis
in patients with hypothyroidism. Therefore, neuromuscular
blockade should be used with caution. Because recovery from
general anesthesia may be prolonged, extubation should be
done when the patient is normothermic, awake, and breathing
adequately. Regional anesthesia may be a reasonable choice for
anesthesia as long as intravascular volume is maintained.

Myxedema coma is a severe form of hypothyroidism and is
a medical emergency. It presents with the features of hypothy-
roidism (Table 105.3) as well as a depressed level of conscious-
ness (stupor, coma), profound hypothermia, hypoventilation,
hypotension, hyponatremia, and occasionally seizure activity.
The disease is most common in the elderly population and
is usually precipitated by sepsis or illness that cause impaired
ventilation, such as pneumonia, CHF, stroke,myocardial infarc-
tion, or GI bleeding. Sedatives, anesthetics, and antidepres-
sants may also be the precipitating factors. Treatment involves
IV levothyroxine and supportive care, which includes venti-
latory support, external rewarming, and electrolyte and fluid

management. Steroids (hydrocortisone) may be administered,
as severe hypothyroidism is associated with impaired adrenal
function. Any precipitating illnesses should be aggressively
managed.
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David R. Moss

Anatomy and physiology
The parathyroid glands are responsible for the tight regula-
tion of plasma calcium concentration. They are small (35–
50mg), paired structures located posterior to the thyroid gland,
although anatomic variation is not uncommon. The inferior
glands, derived from the third pharyngeal pouch, can be found
undescended at the carotid bulb, under the thyroid capsule,
intrathyroidal, or in the anterior mediastinum within the thy-
mus. The superior glands, derived from the fourth pharyngeal
pouch, are more consistent in their location but may migrate
down the tracheoesophageal groove into the middle medi-
astinum or may be retropharyngeal. In addition, some individ-
uals may have fewer or more than four glands.

Parathyroid hormone (PTH) is an 84-amino-acid peptide,
the principal effector sites of which are the bone and kidney.
Although the interaction of PTH with bone is complex and
incompletely understood, PTH has both anabolic and catabolic
actions that allow for early rapid mobilization of calcium stores
followed by a slow sustained release. In the kidney, PTH acts at
multiple sites to increase both calcium reabsorption and phos-
phate excretion. In addition, it up-regulates the renal enzyme
that converts inactive 25-hydroxyvitamin D3 to the active 1,25
dihydroxyl form, facilitating calcium absorption in the gas-
trointestinal tract.

The vast majority of the body’s calcium stores are found in
bone as insoluble hydroxyapatite. Soluble extracellular calcium
exists either as a non-ionized albumin-bound form or as a free
ion in close to a 1:1 ratio. It is the ionized form that is physio-
logically active and maintained within a narrow concentration
in the plasma (1.0–1.3 mM). Ionized calcium [Ca2+] is sensed
by the parathyroids via direct stimulation of a cell-surface,
G-protein–coupled receptor. A drop in [Ca2+] is met with a
rapid increase in PTH secretion from preformed granules in
chief cells. If [Ca2+] is not promptly restored, the hypocalcemic
signaling mechanism sequentially works to increase PTH syn-
thesis, PTH mRNA, and ultimately cellular hypertrophy and
proliferation. Conversely, when [Ca2+] increases, PTH secre-
tion is suppressed.

Hyperparathyroidism and hypercalcemia
Primary hyperparathyroidism
Primary hyperparathyroidism is the most common cause of
hypercalcemia in outpatients. In 80% to 90% of cases a soli-
tary parathyroid adenoma is the culprit. Multiglandular hyper-
plasia accounts for most of the remaining cases. Parathyroid
carcinoma is an uncommon etiology (�1%). Primary hyper-
parathyroidism is frequently silent or subtle. Early symptoms
are nonspecific and may include muscle weakness, fatigue,
and vomiting. Early detection and treatment have decreased
the incidence of other organ system involvement, which may
be widespread and frequently correlates with the degree of
hypercalcemia (Table 106.1). Hypercalcemic crisis is a life-
threatening condition characterized by profound dehydration,
nausea and vomiting, weakness, and mental status changes. If
untreated, it will lead to oliguric renal failure, cardiac arrhyth-
mias, and death. Treatment of hypercalcemia is outlined in
Table 106.2.

Surgery is the only definitive treatment for primary hyper-
parathyroidism and has a 95% cure rate. Some controversy
remains over which patients should undergo surgery, par-
ticularly older asymptomatic individuals. Although treatment
options must always be individualized, there is a trend toward
recommendation of parathyroidectomy for all patients with a
definitive diagnosis of primary hyperparathyroidism.

Table 106.1. Manifestations of hypercalcemia

Cardiac Hypertension, LVH, arrhythmias, shortened QT interval
Renal Nephrolithiasis, renal tubular acidosis, polyuria,

polydipsia
Gastrointestinal Nausea and vomiting, anorexia, constipation, peptic

ulcer, pancreatitis
Neurologic Fatigue, confusion, psychosis, decreased pain

sensation
Neuromuscular Muscle weakness, hyporeflexia
Skeletal Osteopenia, vertebral body fractures, aches and pains

LVH, left ventricular hypertrophy.
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Table 106.2. Treatment of hypercalcemia

Rehydration:
1/2 NS or NS at 250–500 ml/h ± furosemide, 20–100 mg q2h
Avoid thiazide diuretics
Vigilant electrolyte monitoring

Bisphosphonates:
Pamidronate 30–90 mg over 2–4 h
Zoledronate 2–4 mg over 15 minutes

NS, normal saline.

Secondary hyperparathyroidism
Secondary hyperparathyroidism occurs when chronic hypocal-
cemia stimulates PTH secretion and parathyroid hyperpla-
sia ensues without intrinsic parathyroid disease. The most
common cause is chronic renal failure, owing to deficient
vitamin D synthesis and hyperphosphatemia. Deficiency or
malabsorption of vitamin D (rickets, osteomalacia) is another
possible etiology. Medical treatment is the mainstay of ther-
apy and consists of calcium and vitamin D supplementation as
well as phosphate restriction. Surgery is sometimes necessary
when conservative measures are inadequate and symptoms are
severe (particularly bonemanifestations andpruritus). Parathy-
roidectomy, performed as either a subtotal procedure in which
a portion of one gland is left in situ, or rarely as a total parathy-
roidectomywith autograft placement (typically in the forearm),
improves symptoms in 80% of patients.

Tertiary hyperparathyroidism
Tertiary hyperparathyroidism occurs when autonomous over-
secretion of PTH persists despite correction of the underlying
disease (i.e., after renal transplantation) due to a failure of the
hyperactive glands to adapt to a normal renal handling of cal-
cium and phosphate.These glands usually return to normal size
and function within 12 months; parathyroidectomy is rarely
necessary.

Multiple endocrine neoplasia (MEN) types I or II and non-
MEN-related familial hyperparathyroidism may also warrant
parathyroidectomy under certain circumstances.

Anesthesia for parathyroidectomy
Conventional parathyroidectomy comprises a bilateral neck
exploration, identification of all four parathyroids, and resec-
tion of enlarged glands. Adequacy of resection can be assessed
using intraoperative PTH monitoring. A decline in PTH by
more than 60% 15 minutes after resection of an enlarged gland
is highly specific in predicting a cure. Frozen section is useful
only to confirm that parathyroid tissue has been resected but is
unreliable in distinguishing a normal from a hyperplastic gland.

General anesthesia with endotracheal intubation is most
commonly employed, although an LMA could be consid-
ered in select patients, acknowledging the potential risk of
laryngeal edema with airway compromise. Anesthetic con-
siderations for the hypercalcemic patient include maintaining
adequate hydration and urine output and vigilantly monitoring

electrocardiography (ECG). Hypercalcemia can enhance the
toxicity of digoxin. Response to nondepolarizing muscle relax-
ants may be variable as patients with skeletal muscle weakness
mayhave decreased requirements, andhypercalcemia itselfmay
antagonize the drug’s effect. Osteoporosis warrants special care
in positioning. Given the risk of recurrent laryngeal nerve
(RLN) injury, some surgeons advocate evaluating the position
of the vocal cords during extubation. Whereas complete paral-
ysis of the nerve leaves the vocal cord in a half abducted posi-
tion, a partial lesion of the RLN renders the vocal cord in
an adducted position, and a bilateral partial RLN injury may
be life-threatening. Emergence from anesthesia should be as
smooth as possible as hypertension, coughing, and bucking can
increase the risk of postoperative hematoma formation.

Given that the majority of cases of primary hyperparathy-
roidism are due to a solitary adenoma, there has been debate in
the surgical literature about the need for a bilateral neck explo-
ration. If a unilateral exploration orminimally invasive parathy-
roidectomy (MIP) is considered, patients must first undergo
preoperative localization with technetium (99mTc) sestamibi
scintigraphy. Ultrasound is also frequently used to delineate
anatomy. The approach may be open or video-assisted with an
endoscope. Randomized controlled trials comparing the tech-
niques have shown that cure rates and complications were no
different than the conventional approach, but patients undergo-
ing the unilateral approach had a lower incidence of postopera-
tive hypocalcemia (symptomatic and biochemical) and shorter
operating times.

Anesthesia for MIP may be general or regional, using a
superficial or deep cervical plexus block, although a block
necessitates a considerable degree of patient cooperation. In
studies comparing general versus regional anesthesia, patients
who underwent MIP with a block had better pain control and
less postoperative nausea and vomiting. Length of stay, cure
rate, and complications were similar. Furthermore, assessment
of the RLN may be performed intraoperatively under regional
anesthesia.

Complications of parathyroidectomy
Transient hypocalcemia following parathyroidectomy is com-
mon, and symptoms, if present, are usually mild and may
include paresthesias of the lips and fingertips. Oral calcium sup-
plementation begun the night of surgery minimizes the inci-
dence and severity of this complication, which is generally
self-limiting, resolving in a fewweeks. Symptoms of acute hypo-
parathyroidism and hypocalcemia (tetany, fatigue, seizures) are
of particular concern and warrant immediate evaluation and
ionized calcium (or albumin-corrected serum calcium) deter-
mination. Patients undergoing subtotal parathyroidectomy for
secondary or tertiary hyperparathyroidism are at higher risk
of developing severe symptoms. Treatment for symptomatic
patients consists of an initial bolus followed by a continu-
ous intravenous (IV) infusion of calcium gluconate titrated
to resolve symptoms, and possibly oral or IV calcitriol (1,25-
OH-vitamin D). Magnesium levels must also be monitored as
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Table 106.3. Symptoms and treatment of hypocalcemia

Symptoms of
hypocalcemia

Neurologic: Paresthesias (Chvostek, Trousseau signs), tetany, hyperactive reflexes, muscle
cramps/weakness, seizures

Respiratory: Laryngospasm, bronchospasm
Cardiac: Arrhythmias, hypotension, bradycardia, QT prolongation

Treatment of
hypocalcemia

[Ca2+] > 0.8 mM – Usually asymptomatic
[Ca2+] 0.5–0.8 mM – May have mild symptoms; calcium replacement
[Ca2+] < 0.5 mM – Potentially life-threatening
� Ensure an adequate airway is present
� IV calcium supplementation required: 100–200 mg of elemental calcium over 10 minutes

followed by maintenance 1–2 mg/kg/h until levels normalize (usually 6–12 h), then continue
at 0.3–0.5 mg/kg/h

� Oral calcium supplementation should be given as soon as possible to supply 1–4 g daily.
� Calcitriol, start with 0.25 µg daily, and titrate up to maintain normocalcemia
� Vigilant electrolyte monitoring and magnesium repletion

Chemical
conversions

1 g of calcium gluconate = 93 mg of elemental calcium
1 g of calcium chloride = 272 mg of elemental calcium

hypomagnesemia aggravates hypocalcemia, rendering the latter
refractory to treatment. Treatment of hypocalcemia is outlined
in Table 106.3.

Postoperative inspiratory stridor may occur following para-
thyroidectomy for several reasons that must be considered
in the differential diagnosis: laryngeal edema, hematoma,
hypocalcemia, and bilateral RLN palsy (Table 106.4). The most
common etiology is laryngeal edema. Treatment with inhaled
racemic epinephrine is most effective, although corticosteroids
may be necessary for refractory cases. Hematoma complicates
0.3% of parathyroid explorations. The diagnosis is made by
inspection of the surgical site for neck swelling, pain, pressure,
or discoloration. Re-exploration is mandatory and, in the case
of severe airway compromise, may need to be performed at
the bedside. Acute hypocalcemia after parathyroidectomymust
be ruled out, but administration of IV calcium should not be
delayed while the ionized calcium level is pending. RLN injury
is uncommon (0%–0.8% for unilateral injury), and the use of
RLNmonitoring is not routinely necessary. Prevention of injury
is best accomplished by avoidance of electrocautery, vigorous
dissection, or ultrasonic devices near the nerve. Most patients
who develop this complication will improve over the course of
months, although patients in whom re-exploration was under-
taken are at higher risk for permanent paralysis. Bilateral RLN

Table 106.4. Postoperative stridor management

Laryngeal edema � Most common etiology
� Treat with inhaled racemic epinephrine, possibly

corticosteroids
Hematoma � Signs: neck swelling, pain, pressure, discoloration

� Protect airway; immediate surgical evacuation
Hypocalcemia � Look for signs and symptoms

� Protect airway; IV calcium replacement (do not
wait for laboratory result)

RLN injury � Vocal cord paralysis of varying degree, weak
voice, hoarseness

� Laryngeal examination to evaluate
� Bilateral injury may be life-threatening; protect

airway, systemic steroids

injury is even rarer but, if present, requires intubation and sys-
temic steroid administration.

Last, operative failure and persistent hyperparathyroidism
may complicate up to 5% of initial explorations. Surgical exper-
tise is a significant factor, and surgeons who perform fewer than
10 parathyroidectomies per year had a lower rate of cure than
did more experienced surgeons. Failed surgery is nearly always
preventable, and patients who require re-exploration have a
greater frequency of complications.
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107 Pheochromocytoma
Deborah S. Pederson

Pheochromocytoma is a rare neuroendocrine tumor that can
manifest in severe hypertension, cardiac arrhythmias, heart fail-
ure, stroke, renal failure, and (rarely) death. Ideally, the diagno-
sis will be known preoperatively if the patient is scheduled for
surgery to remove the tumor, or it may be previously unrecog-
nized.Therefore, it is important that anesthesiologists be famil-
iar with the disease, its presentation, and its management (see
Fig. 107.1).

Etiology
Pheochromocytomas are a heterogeneous group of neuro-
endocrine-secreting tumors that arise from chromaffin cells.
Although they are most known for secreting catecholamines,
the tumors may secrete a variety of other substances, includ-
ing neuropeptide Y, dopa, vasoactive intestinal polypeptide
(VIP), serotonin, calcitonin, and adrenocorticotropic hormone
(ACTH). They are primarily found in the adrenal glands
(90%); however, they may occur in extra-adrenal sites along
the sympathetic nervous system, where they are referred to as
paragangliomas.

The annual incidence of pheochromocytoma is two to eight
per million per year. The disease may occur at any age, with the
peak incidence in the third to sixth decades. Men and women
are equally affected. Ten percent of pheochromocytomas are
bilateral and 10% are malignant, as defined by distant metasta-
sis. Approximately 25%of pheochromocytomas occur as part of
a hereditary disorder, with associated syndromes such as multi-
ple endocrine neoplasia (MEN 2A and MEN 2B), von Hippel–
Lindau disease, neurofibromatosis type 1, tuberous sclerosis,
and familial paraganglioma (PGL1 and PGL4).

Pathophysiology
Themanifestations of pheochromocytoma are the result of ele-
vated levels of plasma catecholamines combined with an up-
regulated sympathetic nervous system. These factors lead to
increased afterload and decreased capacitance, with subsequent
effects on end organs.These effects may include left heart strain
with hypertrophy or (rarely) dilated cardiomyopathy, cardiac
irritability, pulmonary edema, renal impairment, and stroke.
The presentation is variable (see Table 107.1) but can range

fromasymptomaticwith detection only at autopsy to severe life-
threatening disease.

The mechanism of hypertension in pheochromocytoma is
not completely understood. Elevated levels of plasma cate-
cholamines are considered the hallmark of pheochromocy-
toma. This is unlikely the sole mechanism, however. Bravo
and Tagle observed a poor correlation between circulating
catecholamine levels and the presence of elevated blood pres-
sure. In a series of 34 patients with known pheochromocy-
toma, they found increased levels of catecholamines in patients
with elevated mean arterial pressure; however, the degree of
hypertension did not correlate with the plasma catechola-
mine concentration.Additionally, Bravo published a case report

Figure 107.1. Anatomic distribution of pheochromocytomas and
paragangliomas.
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Table 107.1. Signs and symptoms of pheochromocytoma

Signs Symptoms

Hypertension – may be paroxysmal Headache
Weight loss Palpitations

Diaphoresis
Syncope

demonstrating the lack of temporal relationship between cat-
echolamine levels and hypertension. These data suggest that
hypertension associated with pheochromocytoma is multifac-
torial.

Diagnosis
The prevalence of pheochromocytoma is 0.2% to 0.4% among
hypertensive patients. Although it must be considered in the
differential diagnosis of hypertension, not all patients with
pheochromocytoma are hypertensive. In fact, only 50% to 60%
of patients with pheochromocytoma have hypertension, and
half of these people have paroxysmal episodes.The classic triad
of headache, diaphoresis, and palpitations is present in 15% to
25% of patients. Thus, the absence of hypertension or the com-
mon clinical symptoms does not exclude the disease.

Traditionally, 24-hour urinalysis with high-performance
liquid chromatography (HPLC) for metanephrines and vanil-
lylmandelic acid (VMA) have constituted the laboratory test
for pheochromocytoma. More recently, analysis of plasma free
metanephrines has proven superior for pheochromocytoma
detection with a sensitivity of �95% and a specificity of �80%.
Imaging is becoming increasingly useful, particularly in diag-
nosing metastatic disease. CT, MRI, MIBG (metaiodobenzyl-
guanidine; a functional scan using a guanethidine analogue),
and PET scans have all been used to aid in the diagnosis.

The clonidine suppression test can be used to diagnose
pheochromocytoma when traditional tests are inconclusive.
Studies have suggested that the sympathetic nervous system
plays a significant role in producing hypertension. In a study of
patients with either essential hypertension or known pheochro-
mocytoma, the administration of clonidine lowered blood pres-
sure in both groups. In the essential hypertensive patients,
clonidine lowered catecholamine levels; however, it had no

effect on plasma catecholamines in the pheochromocytoma
group. This finding suggests that the sympathetic nervous sys-
temhas a direct role inmediating hypertension in pheochromo-
cytoma. When the sympathetic nervous system is blocked by a
centrally actingα2-agonist agent, the patients are normotensive
despite elevated plasma catecholamine levels. This is the basis
for the clonidine suppression test to diagnose pheochromocy-
toma.

Preoperativemanagement
The two issues that must be addressed preoperatively are con-
trol of blood pressure and replacement of intravascular volume.
The state of chronically increased vascular tone leads to hypov-
olemia, which is manifest clinically by orthostatic hypotension
and elevated hematocrit. Patients with known pheochromocy-
tomamust be evaluated for end organ dysfunction. An elevated
serum creatinine level may reveal renal disease and an elec-
trocardiogram arrhythmias, myocardial infarction, or ventric-
ular hypertrophy. Occasionally the presentation can be severe
and involve cardiomyopathy. If symptoms of left heart failure,
such as dyspnea, orthopnea, or decreased exercise tolerance, are
present, an echocardiogram to further assess cardiac function is
warranted.

Preoperative antihypertensives (see Table 107.2) combined
with volume replacement (either oral or intravenous [IV]) are
indicated prior to elective surgery. Traditionally α-blockade
was used to decrease peripheral vascular resistance; however,
case reports with calcium channel blockers and combined α-
and β-blockade have proven to be effective. Given the low inci-
dence of the disease, it is unlikely that randomized controlled
trials will ever establish a preferred regimen.

α-Blockers
Historically, nonspecific α-blockade with phenoxybenzamine
to achieve preoperative blood pressure control was associated
with a decrease in surgical mortality from 40% to 0% to 1%.The
drawback of this drug is its long half-life, which may result in
hypotension when the tumor is removed. Selectiveα1-blockade
(prazosin, doxazosin, and terazosin) has the benefit of spar-
ing the presynaptic α2–receptors; therefore, these drugs do
not enhance norepinephrine release and do not lead to reflex

Table 107.2. Medications used preoperatively to control hypertension in pheochromocytoma

Drug Site of action Properties

Phenoxybenzamine Noncompetitive, nonselective
α-blocker

Long-acting, risk of hypotension post-tumor excision, reflex
tachycardia (due to inhibition of presynaptic α2-receptors)

Prazosin Selective α1-blocker Decreased incidence of reflex tachycardia due to sparing of
α2-receptors

Labetalol α- and β-blocker (1:7) Works predominantly at β-receptors
Propranolol Nonselective β-blocker Give only after initiation of α-blockade to avoid unopposed

αeffects
Atenolol β1-blocker Long-acting selective β1-antagonist
Nifedipine Calcium channel blocker Less likely to produce orthostatic hypotension
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Table 107.3. Medications used intraoperatively to control hypertension in pheochromocytoma

Drug Site of action Initial dose IV Properties

Nitroprusside Direct arteriovenous vasodilator 0.5–2 µg/kg/min; titrate to effect up to
10 µg/kg/min

Short and rapid acting; potent vasodilator

Esmolol Selective β1-antagonist 250–500 µg/kg/min IV load followed by
infusion (50–300 µg/kg/min)

Short acting; can be used to treat
tachydysrhythmias

Phentolamine Nonselective α-antagonist Bolus 2–5 mg IV, infusion- 0.5–1 mg/min Short acting; can result in tachycardia and
tachyphylaxis

Magnesium sulfate Anti-adrenergic and direct vasodilator Bolus 40 mg/kg, infusion 1–2 g/h, goal
2–4 mmol/L plasma concentration

May prolong nondepolarizing neuromuscular
blockade

tachycardia. Additionally, they are shorter acting and therefore
less likely to result in postoperative hypotension.

β-Blockers
β-blockade is contraindicated without pre-existing α-blockade
to prevent unopposed α1-mediated vasoconstriction. Nonse-
lective β-blockade is most useful in patients with arrhythmias,
but may also be used for blood pressure control. It should be
avoided in patients with catecholamine-induced cardiomyopa-
thy as it may lead to heart failure.

Calcium channel blockers
Calcium channel blockers inhibit the norepinephrine-mediated
release of intracellular calcium in vascular smooth muscle cells
leading to a decrease in peripheral vascular resistance. The
primary advantage of using calcium channel blockers is the
absence of orthostatic and perioperative hypotension.

When the patient is normovolemic and normotensive for
�24 hours and is without significant arrhythmias, it is safe to
proceed with elective surgery.

Intraoperativemanagement
The goal of intraoperative management is to maintain nor-
mal hemodynamics despite stimulating events such as laryn-
goscopy, surgical incision, and tumormanipulation.This goal is
achieved using a multimodal approach largely based on block-
ade of the sympathetic nervous system. Regional and general
anesthesia techniques have been used, with general anesthesia
being most common. Drugs that are known to stimulate the
sympathetic system, such as pancuroniumor ephedrine, should
be avoided.

The surgical approach can be laparoscopic or open. In the
case of laparoscopic surgery, the introduction of pneumoperi-
toneummay stimulate the release of catecholamines and should
be anticipated. Studies comparing laparoscopic resection ver-
sus open resection of pheochromocytoma have demonstrated
equivalent intraoperative hemodynamic control. Laparoscopic
resection, however, results in decreased length of stay, decreased
intensive care unit (ICU) admission, and decreased postopera-
tive pain. Additionally, laparoscopy allows for superior visual-
ization of the adrenal vein, facilitating ligation. Regardless of

the technique, fluctuations in blood pressure are highly depen-
dent on surgical manipulation. Communication with the surgi-
cal team will allow for anticipation of hypertension, as is likely
to occurwith tumor handling, aswell as hypotension, which can
be dramatic after ligation of the tumor’s venous drainage.

IV access, standard monitors, and invasive blood pressure
monitoring are necessary prior to induction. Central venous
access may be useful to assess volume status and deliver potent
vasoconstrictors. Pulmonary artery catheterization or trans-
esophageal echocardiography is indicated only if it will impact
intraoperative management in patients with severely compro-
mised cardiac function.

Preoperative pharmacologic regimens are generally not
effective in blunting the hemodynamic response during tumor
manipulation and surgical stimulation. Intraoperative blood
pressure control is achieved by the use of short-acting
modulators of the cardiovascular system as indicated in
Table 107.3.

Postoperative management
Postoperatively, the major concern is continued hemodynamic
instability; therefore, it is recommended the patient be mon-
itored for hemodynamic lability at least 24 hours postopera-
tively. Persistent hypertension can result from the release of
increased stores of catecholamines. Fluid resuscitation aswell as
vasopressors are used to treat hypotension. Blood glucose levels
should be checked to rule out hyper- or hypoglycemia.
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108 SIADH, diabetes insipidus, and transsphenoidal
pituitary surgery
John Summers and Balachundhar Subramaniam

Antidiuretic hormone (ADH), also known as vasopressin, is
a nonapeptide neurohormone synthesized in the hypothala-
mus and released by the posterior pituitary in response to
increases in serum osmolarity and decreased extracellular vol-
ume. Osmoreceptors in the hypothalamus can detect changes
in serum osmolarity of as little as 1% (normal is 285 mOsm/L),
whereas stretch receptors in the left atrium sense changes in
blood volume.Many other factors, such as pain, nausea, sympa-
thetic stimulation, positive pressure ventilation, and hyperther-
mia, also affect ADH release.

One of the most important functions of ADH is to conserve
body water. In the absence of ADH, the collecting ducts of the
kidney are almost impermeable to water allowing it to flow out
as urine. In the presence of ADH, however, aquaporins (water
channels) are inserted into the principal cells of the collecting
ducts allowing free water to be reabsorbed into the hypertonic
renal medulla.

ADH also has other physiologic functions. The term vaso-
pressin was coined from the observation that high concentra-
tions of ADH results in widespread constriction of arterioles –
primarily in the splanchnic, renal, and coronary vessels. ADH
has also been found to play a role in hemostasis by increasing
levels of factor VIII and von Willebrand factor. Disruptions in
this process from either too much (syndrome of inappropriate
ADH secretion [SIADH]), too little (central diabetes insipidus
[DI]), or abnormal responses to ADH (nephrogenic DI) will be
the subject of this chapter.

SIADH
Too much ADH results in water intoxication. Although there
are numerous etiologies of SIADH (Table 108.1), the clin-
ical manifestations remain the same: oliguria, concentrated
urine, and signs of hyponatremia. As serum sodium concen-
trations drop below 125 mEq/L, osmotic fluid shifts lead to
cerebral edema and increased intracranial pressure resulting
in nausea and anorexia (early signs), followed by confusion,
weakness, agitation, muscle cramps, obtundation, seizures, and
ultimately coma. As the condition worsens, cardiac and other
life-threatening complications may occur when serum sodium
concentrations drop below 105 mEq/L. The severity of the
symptoms also depends on how quickly hyponatremia devel-
ops. Chronic hyponatremic patients with sodium of 120mEq/L

may show no clinical symptoms. Of note, it has been shown
that premenopausal women are more susceptible to the effects
of hyponatremia than are men.

Laboratory studies to aid in the diagnosis of SIADH include
measuring the osmolarity and sodium levels in both the urine
and serum. The presence of hyponatremia and a urine osmo-
larity higher than maximal dilution (generally �200 mOsm/L)
confirm the diagnosis. Other pertinent laboratory test results
include a decreased (dilutional) serum uric acid, FeNa �1%,
urinary sodium �30mEq/L, normal potassium (hyperkalemia,
hyponatremia, and acidosis may be from adrenal insufficiency
rather than SIADH), and normal glucose (serum sodium is
decreased by 1.6 mEq/L for every 100 mg/dl increase in glu-
cose). Hyponatremia in the setting of polyuria may indicate
cerebral salt-wasting syndrome. Pseudohyponatremia occurs
with severe hyperlipidemia and hyperproteinemia (as in mul-
tiple myeloma).

Treatment of SIADH is primarily water restriction. Three
percent hypertonic saline and furosemidemay be needed, how-
ever, in symptomatic hyponatremia or when fluid restriction
is not possible. Lithium and demeclocycline interfere with the
renal tubules’ ability to concentrate urine and may be used for
chronic hyponatremia. In the event of SIADH from subarach-
noid hemorrhage, fluid restrictionmay worsen the condition as
it may promote cerebral vasospasm and infarction secondary to
hypotension. The rate of sodium correction should not exceed
12mEq/L in the first 24 hours so as to minimize the risk of cen-
tral pontine myelinosis. Calculations for corrections are shown
in Table 108.2.

Table 108.1. Causes of SIADH

Paraneoplastic syndromes Small cell lung cancer
CNS processes Multiple sclerosis, tumors, head trauma,

delirium tremens, Guillain–Barré syndrome,
infection

Pulmonary processes Pneumonia, tuberculosis, positive-pressure
ventilation

Drugs TCAs, chlorpropamide, clofibrate, NSAIDs,
nicotine

Endocrine Hypothyroidism
Sympathetic activation Postoperative pain

CNS, central nervous system; TCAs, tricyclic antidepressants; NSAIDs,
nonsteroidal anti-inflammatory drugs.
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Table 108.2. Replacement of sodium

Sodium deficit:
Na deficit = (Desired Na – Measured Na) × 0.6 × (Weight in Kg)
Volume of hypertonic saline needed for correction:
Volume of 3% saline = (Na Deficit)/513 mEq Na/L
Time needed for correction = (Desired Na – Measured Na)/
0.5 mEq/L per hour
Rate of infusion = (Volume of 3% saline)/(Time needed for
correction)

Anesthetic considerations for SIADH include identifying
and correcting any underlying disorder as well as optimizing
the patient for surgery. In general, elective surgeries should
be postponed until the patient’s sodium level is corrected to
�130 mEq/L, even if he or she is asymptomatic. Lower sodium
concentrations may result in cerebral edema, especially in surg-
eries with large potential fluid shifts, such as in transurethral
resection of the prostate.

Diabetes insipidus
Inadequate ADH activity results in water wasting. DI is divided
into central and nephrogenic etiologies. Central DI results from
decreased production or release of ADH. Nephrogenic DI is
caused by the inability of ADH to act normally on the kidneys.
Causes of DI are listed in Table 108.3. Clinically, DI is character-
ized by polydipsia and polyuria, which may be accompanied by
hypovolemia and hypernatremia (dehydration) if access to free
water is restricted. Laboratory studies include serum sodium
and osmolarity along with urine sodium and osmolarity.

Treatment depends on both the cause of DI (central vs.
nephrogenic) and the extent of the ADH deficiency. For cen-
tral DI, serum osmolarity and serum levels should be mea-
sured on a regular basis and be treated accordingly. Options for
treatment include intravenous (IV) administration of aqueous
ADH (100–200 mU/h), intramuscular (IM) vasopressin, and
intranasal desmopressin, which has a low incidence of pres-
sor effects. If the patient does not have complete DI, the stress
of surgery alone may induce enough ADH secretion to com-
pensate. If plasma osmolarity is less than 290 mOsm/L in a
patient with incomplete DI, treatment is usually not neces-
sary during a procedure. On an outpatient basis, clofibrate and

chlorpropamide (an oral hypoglycemic) have been used for
incomplete central DI. The best treatment for nephrogenic
DI is to treat the underlying disorder (Table 108.3). Thiazide
diuretics, however, are known to have a paradoxic antidi-
uretic action in nephrogenic DI by effecting increased sodium
losses.

Anesthetic considerations mainly involve correcting any
fluid deficits or existing hypernatremia. Elective cases should
be delayed until sodium levels are less than 150 mEq/L.

Anesthetic considerations of transsphenoidal
surgery: pituitary tumors
Pituitary tumors are often hypersecretory, and medical ther-
apy is not curative. As a result, surgery for these tumors
is commonly performed. These tumors are common in the
fifth to seventh decade of life. Tumors more than 10 mm in
diameter are called macroadenomas. Nonfunctioning tumors
tend to present as larger tumors as they are nonsecretory
and are detected later. Craniopharyngioma and Rathke cleft
cyst are some examples of nonfunctioning tumors. The com-
mon functioning tumors aremicroadenomas and can be Cush-
ing disease (hypersecretion of adrenocorticotropic hormone
[ACTH]), acromegaly (growth hormone–secreting adenoma),
prolactinoma (prolactin hypersecretion), and hyperthyroidism
(thyrotrophic hormone oversecretion). These individual dis-
eases have been dealt with elsewhere in this section. The anes-
thetic considerations of transsphenoidal surgery for pituitary
tumor resection will be discussed here.

Anesthetic considerations
The anesthetic considerations include managing the
(a) hypersecretory endocrine systemic effects;
(b) local mass effects, such as increased intracranial pressure,

headache, and vision loss;
(c) hypopituitarism due to tumor compression of the anterior

pituitary gland; and
(d) understanding of surgical approach, such as endonasal or

older sublabial transseptal approach. The endonasal
approach has a lower incidence of postoperative DI and a
shorter recovery period.

Table 108.3. Causes of diabetes insipidus

Central Idiopathic (up to 50% of cases) Autoimmune process with destruction of cells of the hypothalamus
Surgery Transsphenoidal resection of an adenoma may result in DI in up to

60% of patients with large tumors
Trauma Severe head injury, basal skull fracture, subarachnoid hemorrhage
Tumors Craniopharyngioma, pineal tumors
Other Hypoxic encephalopathy, anorexia nervosa, sarcoidosis,

arteriovenous malformations
Nephrogenic Drugs Lithium, demeclocycline, foscarnet, glyburide, methoxyflurane,

amphotericin B
Familial (rare) Autosomal dominant
Collecting system insults Medullary cystic disease, ureteral obstruction
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Preoperative evaluation should include:

(a) complete hematological assessment;
(b) airway assessment, especially in patients with

acromegaly;
(c) metabolic panel to look for electrolyte and glucose

derangements; and
(d) specific endocrine disorders, such as hyperthyroidism,

and their systemic effects.

Intraoperativemanagement
The transsphenoidal approach is performed with a mild head-
up position to favor venous drainage. Venous air embolism is a
possible risk with such a patient positioning. The mucosal sur-
faces are infiltrated with lidocaine and epinephrine to decrease
bleeding and improve surgical dissection. This infiltration has
the potential for arrhythmogenicity and hypertension. Hyper-
tensive episodes are common with this type of surgery and
should be treated to bring the patient’s blood pressure closer
to baseline blood pressure. The potential for blood loss is usu-
ally limited; however, the proximity of major vessels can lead
to massive hemorrhages. There is a potential for cerebrospinal
fluid (CSF) leak, and a Valsalva maneuver may be used to check
these leaks. The potential for obstructive sleep apnea will mean
careful extubation and may be an oral airway left in situ. The
nares are packed postoperatively and make the nasal breathing
difficult.

Postoperative complications
The postoperative complications are listed below:
� Cranial nerve dysfunction
� CSF leakage
� Nausea and vomiting
� Pain
� DI
� SIADH
� Hypopituitarism
Managing pituitary tumors requires a multidisciplinary
approach for successful outcome following surgery.
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Chapter

109 Disorders of the adrenal cortex
John Summers and Balachundhar Subramaniam

The adrenal cortex synthesizes three distinct classes of hor-
mones: glucocorticoid, mineralocorticoids, and androgens.
Our main focus will be on disorders of cortisol – the principal
glucocorticoid (produced by the zona fasciculata) – and aldos-
terone – the most important mineralocorticoid (produced in
the zona glomerulosa). Androgens, made in the zona reticu-
laris, are less relevant to our anesthetic evaluations and there-
fore will not be discussed further in this chapter.

Glucocorticoids
Cortisol has many physiologic effects, such as gluconeogen-
esis, inhibition of glucose uptake in muscle and adipose tis-
sue, mobilization of amino acids from extrahepatic tissues,
and stimulation of fat breakdown in adipose tissue. It also has
anti-inflammatory and immunosuppressive properties. These
effects are mediated by an intracellular glucocorticoid recep-
tor that controls transcription from a number of genes, leading
to changes in the cell’s phenotype. Therefore, the effects of cor-
tisol last longer than its plasma half-life of 80 to 110 minutes.
In the plasma, only approximately 10% of cortisol is free, with
the rest bound to plasma proteins – mostly to corticosterone-
binding globulin (CBG). CBG is thought to both prolong the
life of plasma cortisol and act as a buffer to swings in plasma
cortisol levels by serving as a depot. Only free cortisol is avail-
able to enter cells andmediate the physiologic effects and there-
fore is the best marker for cortisol activity. The kidneys excrete
unbound cortisol; therefore, a urinary cortisol is themost accu-
rate way to measure its activity.

Regulation of cortisol is mediated via a negative feedback
loop (Fig. 109.1). Corticotropin-releasing factor (CRF) from
the hypothalamus stimulates the release of adrenocorticotropic
hormone (ACTH) from the anterior pituitary, which in turn
directly controls cortisol secretion. CRF and ACTH release are
stimulated by stress (psychological or physical), inhibited by
cortisol, and affected by the sleep–wake cycle. In the absence
of stress, ACTH release follows a diurnal pattern with the high-
est levels just after awakening followed by another lesser peak
later in the day. For hospitalized patients, cortisol is dosed twice
daily, with a higher dose in the morning so as to follow these
natural fluctuations. Glucocorticoids may also exert mild min-
eralocorticoid effects at high levels.

Cushing syndrome
Cushing syndrome is the result of an excess of glucocorti-
coid activity. The many causes of Cushing syndrome may
be broadly divided between ACTH-dependent and ACTH-
independent etiologies. The vast majority of ACTH-inde-
pendent Cushing syndrome cases are caused by exogenous
administration of glucocorticoids. Other causes include adre-
nocortical adenomas and carcinomas. Cushing disease occurs
from an ACTH-secreting pituitary tumor and accounts for
70% of ACTH-dependent Cushing syndrome. The remain-
der of ACTH-dependent Cushing syndrome cases is due to
ectopic secretion of ACTH – usually from tumors of the lung
(small-cell), pancreas, or thymus (carcinoid tumors from neu-
roendocrine cells in those tissues). Only approximately 1%
arises from ectopic corticotropin-releasing hormone (CRH)
secretion. Signs and symptoms of Cushing syndrome include
central obesity, moon facies, muscle wasting and weakness,
glucose intolerance, hypertension, and mental status changes.
Glucocorticoids may exert some mineralocorticoid effects as
well, resulting in hypervolemia and a hypokalemic metabolic
alkalosis.

Adrenal
cortex

ACTH

Anterior
pituitary

Hypothalamus

CRH

Cortisol

Target tissues

Stress
+

Figure 109.1. Negative
feedback loop for
cortisol secretion.
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Figure 109.2. Renin–angiotensin system.

Anesthetic considerations
Anesthetic considerations include:

(a) correcting any electrolyte abnormalities, such as
hypokalemia;

(b) administering spironolactone (a potassium-sparing
diuretic) to deal with volume overload;

(c) potentially difficult airway due to moon facies; mask
ventilation may be particularly difficult; and

(d) difficult IV placement due to fragile veins.

Easy bruising may lead to difficulty in positioning these
patients. In addition, stress dose steroids should be adminis-
tered in patients with exogenous steroid use as outlined later
in the section “Perioperative steroid use.”

Mineralocorticoids
The principal mineralocorticoid is aldosterone, which main-
tains volume and electrolyte homeostasis by increasing sodium
reabsorption and increasing potassiumandhydrogen ion excre-
tion. Regulation of aldosterone is primarily influenced by the
renin–angiotensin system. Hyperkalemia, prostaglandin E, and
ACTH also stimulate aldosterone release. The juxtaglomeru-
lar cells surrounding the afferent arterioles release renin in
response to decreased renal perfusion pressure and sympa-
thetic stimulation (b1-adrenoceptors). Renin then cleaves
angiotensinogen into the decapeptide angiotensin I, which is
then enzymatically cleaved to the octapeptide angiotensin II
in the lungs by angiotensin-converting enzyme (ACE).

Angiotensin II is a potent vasoconstrictor and also stimulates
the release of aldosterone by the adrenal cortex (see Fig. 109.2).
The macula densa adjacent to the juxtaglomerular apparatus
inhibits renin release when it senses elevated levels of sodium
and chloride in tubular fluid.

Addison disease
Adrenal insufficiency may result from a defect anywhere in the
hypothalamic–pituitary–adrenal (HPA) axis. Primary adrenal
insufficiency occurs from the destruction of the adrenal cor-
tex and results in depletion of both mineralocorticoids and
glucocorticoids. Autoimmune destruction of the adrenal gland
is the most common cause of Addison disease in the United
States, whereas tuberculosis is the most common cause in
developing countries. Other possible etiologies of adrenal
gland destruction include infectious (e.g., fungal, HIV, bacte-
rial), neoplastic, traumatic, vascular (e.g., hemorrhage, emboli,
thrombus), metabolic (amyloidosis), and iatrogenic (exoge-
nous steroids) events. Patients may remain asymptomatic until
90% of the adrenal gland has been destroyed. Clinical signs
of Addison disease include chronic fatigue, muscle weak-
ness, anorexia, weight loss, nausea, vomiting, diarrhea, and
hyperpigmentation. Decreased levels of adrenal cortex hor-
mones interrupt the feedback inhibition of the HPA axis
and result in elevated levels of corticotropin and melanocyte-
stimulating hormone (MSH). MSH is formed when corti-
cotropin is cleaved from its prohormone. Elevated levels of
MSH result in the characteristic bronze appearance. Hyper-
kalemia, hypovolemia, hyponatremia, and metabolic acidosis
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result from mineralocorticoid deficiency and may lead to asso-
ciated clinical manifestations, such as cardiac dysrhythmias.
Secondary adrenal insufficiency as a result of inadequate ACTH
production by the pituitary is not associated with cutaneous
hyperpigmentation or mineralocorticoid deficiency. Acute
Addisonian crisis presents as refractory hypotension, shock,
abdominal pain, severe vomiting, and diarrhea. In critically
ill patients, Addisonian crisis may resemble sepsis without a
source of infection.

Treatment involves replacement of mineralocorticoids and
glucocorticoids. Normal daily endogenous production of cor-
tisol is approximately 20 mg with maximal output at 150 to
400 mg in a day. Usually patients are placed on fludrocortisone
and prednisone or hydrocortisone for prolonged therapy.

Anesthetic considerations
Anesthetic concerns involve avoiding acute adrenal insuffi-
ciency, which is an emergency and is managed with
(a) an IV bolus of 100 mg of hydrocortisone, followed by an

additional 100 mg every 6 hours for 24 hours;
(b) IV isotonic crystalloid fluids; and
(c) correction of any electrolyte abnormalities, such as

hyperkalemia and hyponatremia.
The use of stress dose steroids is covered in the section on peri-
operative steroid use.

Primary hyperaldosteronism
Increased secretion of aldosterone from the adrenal cortex is
usually caused by an adrenal adenoma (Conn syndrome) or
adrenal hyperplasia. Increased levels of aldosterone result in
(a) hypertension,
(b) hypervolemia (without edema),
(c) suppressed renin activity, and
(d) hypokalemic metabolic alkalosis.

Primary hyperaldosteronism is now thought to be the most
common form of secondary hypertension.

Anesthetic considerations
Anesthetic considerations include
(a) correcting any electrolyte abnormalities. This usually

involves potassium supplements and spironolactone (an
aldosterone antagonist) and

(b) correcting any volume overload.
Patients may also have glucose intolerance from hypokalemia
and low ionized calcium secondary to alkalosis.

Hypoaldosteronism
Decreased secretion of aldosterone from the adrenal cortex
may be congenital, result from prolonged heparin use, or be
caused by certainmedical problems, such as renal failure or dia-
betes. Low levels of aldosterone may result in a hyponatremic,
hyperkalemicmetabolic acidosis if left untreated.These patients
should be treated with 0.05 to 0.1 mg of fludrocortisone pre-
operatively to correct any electrolyte abnormalities followed by
close electrolyte monitoring throughout the surgery.

Perioperative steroid use
In 1952 Fraser and colleagues first described cardiovascu-
lar collapse attributed to iatrogenic adrenal insufficiency in
the setting of surgical stress. Since that time, many studies
have tried to form a consensus on the proper perioperative
administration of steroids. Most anesthesiologists have used
the recommendations described by Kehlet, Symreng and col-
leagues, and Salem and colleagues. These state, “New rec-
ommendations are proposed which suggest that the amount
and duration of glucocorticoid coverage should be deter-
mined by: (a) the preoperative dose of glucocorticoid taken
by the patient, (b) the preoperative duration of glucocorticoid

Table 109.1. Glucocorticoid treatment regimens

Patients currently taking
glucocorticoids

Prednisone 5 mg/d or
dexamethasone 1 mg/d or
equivalent

Minor surgery (e.g., herniorraphy) Hydrocortisone 25 mg at induction

Moderate surgery (e.g., TAH) Usual daily glucocorticoid dose +
hydrocortisone 25 mg at induction +
100 mg/d for 24 h

Major surgery (e.g., CABG) Usual daily glucocorticoid dose +
hydrocortisone 25 mg at induction +
100 mg/d for 48–72 h

High-dose immunosuppression Any surgery Give usual immunosuppressive doses
During perioperative period

Patients who have taken
glucocorticoids within
the last year

Prednisone 5 mg/d or
dexamethasone 1 mg/d or
equivalent

Minor surgery (e.g., herniorraphy) Hydrocortisone 25 mg at induction

Moderate surgery (e.g., TAH) Hydrocortisone 25 mg at induction +
100 mg/d for 24 h

Major surgery (e.g., CABG) Hydrocortisone 25 mg at induction +
100 mg/d for 48–72 h

TAH, total abdominal hysterectomy; CABG, coronary artery bypass graft; HPA, Hypothalamic Pituitary Axis.
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Table 109.2. Relative potencies of common glucocorticoids

Steroid

Relative
glucocorticoid
potency

Relative
mineralocorticoid
potency

Equivalent
glucocorticoid
dose,mg

Short acting
Cortisol (hydrocortisone) 1.0 1.0 20.0
Cortisone 0.8 0.8 25.0
Prednisone 4.0 0.8 5.0
Prednisolone 4.0 0.8 5.0
Methylprednisolone 5.0 0.5 4.0

Intermediate acting
Triamcinolone 5.0 0 4.0

Long acting
Dexamethasone 30.0 0 0.75

Note: Synthetic glucocorticoid varies in both their potencies and mineralocorticoid effects.

administration, and (c) the nature and anticipated duration
of surgery.” Suggested steroid treatment regimens are outlined
in Table 109.1. Current literature states that hypotension in
patients previously treated with glucocorticoids is caused by
a loss of the permissive effect of glucocorticoids on vascular
tone, which may be related in turn to enhanced prostaglandin
I2 (PGI2) production in the absence of glucocorticoids. It
is not caused by mineralocorticoid deficiency. Therefore, if
the mineralocorticoid effects are not needed, it seems rea-
sonable to administer the equivalent dose of dexamethasone
(Table 109.2) to reap the added benefit of its antiemetic
properties.

Physiologic adrenal response to surgery is blunted by anes-
thesia and will be delayed until the postoperative period.
Patients who have taken supplemental steroids greater than
5 mg of prednisone a day for more than a week are theoretically
at risk forHPAsuppression for up to 1 year. Recovery from short
courses of treatment (e.g., 5 days) occurs much more rapidly.
Other sources suggest that stress dose steroids are appropriate
for a year after a patient takes lower doses (e.g., 5 mg of pred-
nisone) by any route for longer than 2weeks. Of note, etomidate
suppresses adrenal function for at least 24 hours and is affected
by both (a) the dose administered and (b) if there is coadmin-
istration of an opioid. Long-term use of etomidate may cause
severe glucocorticoid deficiency.

Possible side effects of intraoperative steroid use include
impaired wound healing, psychiatric disturbances, and glucose
intolerance. Topical vitamin A has been shown to decrease the
effect of steroids on wound healing by stabilizing lysosomes.
All things considered, although the probability of acute adrenal
insufficiency is quite small, it is a potentially life-threatening

conditioning and therefore skews the risk–benefit curve in favor
of providing stress steroids.
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110 Malignant hyperthermia
Matthew C. Martinez and John D. Mitchell

Malignant hyperthermia (MH) is a rare, inherited disease
involving two ormore transmembrane proteins in skeletalmus-
cle that is induced by specific anesthetic agents in almost all
cases. The incidence of MH ranges from 1:5000 to 1:50,000–
100,000 anesthetics. It affects humans, but can also affect pigs,
dogs, cats, horses, and (most likely) other animals. The disease
is characterized by hypermetabolism of muscle cells following
the administration of a triggering agent, and is thought by some
to be associated with heat intolerance.

Etiology
MH was first described by Denborough and Lovell in 1960.
They encountered a patient who had 10 of his close relatives die
while either under general anesthesia or immediately following
a procedure. An investigation into the genetics of this patient’s
family revealed an inborn error of metabolism that seemed to
be inherited as a dominant trait.

Mutations in the skeletal sarcoplasmic reticulum (SR) cal-
cium release channel (ryanodine receptor, RyR1), which is
responsible for excitation–contraction (EC) coupling, are the
source of the majority of MH cases. EC coupling is the event
that translates an action potential into a mechanical event. The
action potential depolarizes a muscle cell and allows a con-
formational change and a small initial influx of calcium via
slow voltage-gated calcium channels (dihydropyridine recep-
tors, DHPRs). In skeletal muscle, the conformational change in
the DHPR then triggers a large release of calcium stored in the
SR throughdirect signaling toRyR1, andunlike the case in heart
and skeletal muscle, this Ca2+ release does not require Ca2+
entry through the DHPR.The calcium then binds troponin and
initiates the interaction of actin and myosin that are translated
into a muscle contraction. In cases of MH, one or more of these
calcium channels are affected, and large amounts of calcium are
released from the SR.

The inheritance pattern in families withMH is thought to be
autosomal dominant with variable penetrance.There have been
multiple genes linked to MH, with specific mutations found
in two of them. The RyR gene, which is found on chromo-
some 19 and plays a part in EC coupling, is the most studied
of these genes. The DHPR gene, which encodes a voltage-
gated Ca2+channel, is another gene known to have mutations
in MH-susceptible patients. Mutations in these genes can lead

to altered function of the calcium release channels, which leads
to increased calcium release from the SR. Mutations in the RyR
gene were the first to be considered as the cause ofMH, but they
have been shown to account for just 50% to 80% of the studied
cases.

Triggering agents
The two types of drugs known to trigger MH in humans are
all depolarizing muscle relaxants (e.g., succinylcholine) and all
volatile general anesthetics (Table 110.1). Even in a susceptible
patient, however, these drugs will not always cause MH. In at
least half of MH cases, the patient has had a previous unevent-
ful exposure to a triggering agent. When MH does occur, there
is a rapid release of calcium from the SR in skeletal muscle.
This release causes a sudden increase in muscle metabolism,
which can cause a contracture when the mechanical threshold
is reached. Adenosine triphosphate (ATP) is rapidly consumed,
causing an increase in both aerobic and anaerobic metabolism.
These hypermetabolic pathways increase oxygen and glucose
utilization, leading to an increased carbon dioxide (CO2) pro-
duction.This is soon followed by respiratory andmetabolic aci-
dosis, hyperkalemia, and dysrhythmias andmay result in death.

Presentation
Masseter muscle rigidity
Although a syndrome by itself, one of the first signs of MH
can be masseter muscle rigidity (MMR) after the adminis-
tration of sodium thiopental or halothane (in children) and
succinylcholine. MMR is characterized by rigidity of the jaw

Table 110.1. Drugs that can trigger MH

Halogenated general anesthetics
Cyclopropane
Desflurane
Enflurane
Ether
Halothane
Isoflurane
Methoxyflurane
Sevoflurane
Depolarizing muscle relaxants (e.g. succinylcholine)
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muscles that prevents the mouth from being opened. Normally,
only the jaw is affected, and the remainder of the patient’s mus-
cles will be flaccid. The incidence of MH as diagnosed by arte-
rial blood gas abnormalities following MMR is roughly 15%.
If the anesthetic is stopped following MMR, there are usu-
ally no sequelae. It is uncommon for fulminant MH to occur
immediately following MMR, but if the anesthetic is continued
with triggering agents, signs of fulminantMH can occur within
20 minutes in susceptible individuals.

Most often the surgery is rescheduled after MMR, but if
there are no other signs of MH, some anesthesiologists may
elect to continue the case, (particularly if emergent), with non-
triggering agents as long as fulminantMHtreatment andproper
monitoring are immediately available. If MMR is associated
with rigid limb muscles, treatment with dantrolene is indicated
immediately. Urine should be observed for color change; if cola
colored, testing for myoglobin should be undertaken; creatine
kinase (CK) studies may also be warranted. Postanesthesia care
unit (PACU) observation for at least 12 hours following MMR
is also prudent.

Fulminant MH
Unexplained tachycardia and tachypneamay be the first notice-
able signs in the operating room that a patient is susceptible
to triggering agents. These symptoms are the result of a hyper-
active sympathetic nervous system and a sign of the body’s
increased metabolic state. If the patient has received a muscle
relaxant or is mechanically ventilated, tachypnea may not be
recognized; however, in its place will be an increase in end-tidal
CO2, even in the face of aggressive hyperventilation. Whole-
body muscle rigidity and an increase in body temperature are
late signs. At its peak, body temperature can increase as much
as 1◦C to 2◦C every 5 minutes. Other signs include cyanosis,
mottling, sweating, and a warm and quickly discharged CO2
absorber (Table 110.2).

An arterial blood gas analysis will reveal hypercarbia and
a mixed respiratory and metabolic acidosis. Other laboratory
findings can include lactic acidemia and, late in the crisis,
marked hyperkalemia and hypercalcemia. Serum myoglobin

Table 110.2. Signs of MH

Tachypnea
Tachycardia
Increased end-tidal CO2
Cyanosis
Masseter muscle spasm
Mottling
Sweating
Hypertension
Ventricular dysrhythmias
Muscle rigidity
Hyperthermia
Hyperkalemia
Metabolic acidosis
Increased CK

and CK levels increase quickly in the hours following the event.
Ventricular fibrillation can occur quickly following the ini-
tial presentation of MH, and is the most common cause of
death. Later sequelae of a fulminant crisis include renal fail-
ure induced by myoglobinuria, congestive heart failure (CHF),
acute cerebral edema, and disseminated intravascular coagu-
lopathy (DIC).

Treatment
Themortality rate from a case ofMHhas dropped from approx-
imately 70% in the 1970s to 5% today. This decrease is a direct
result of the availability of dantrolene to treat acute episodes of
MH and an increased awareness of the signs and symptoms.
Dantrolene is the only available agent that is specifically used
for treating MH. It was first synthesized in 1967 and was found
to havemuscle relaxant properties in animals. Its mechanism of
action is unknown, but the end result of its use is a decrease in
the resting calcium levels in susceptible muscle to near normal
levels, followed by a return to baseline metabolism.

Dantrolene is a hydantoin derivative that is lipophilic and,
therefore, has poor water solubility. Dantrolene is available in
20-mg vials that need to be dissolved in 60 ml of water. The
dose of dantrolene is 2 to 2.5 mg/kg every 5 minutes up to a
total dose of 10 mg/kg, if needed. The half-life of intravenous
(IV) dantrolene is approximately 12 hours, but the therapeu-
tic level lasts approximately 4 to 6 hours. Therefore, dantro-
lene (recommended dose 1 mg/kg) needs to be given at least
every 6 hours for the first 24 hours following an event. Recrude-
scence, or a return of MH symptoms, has been shown to occur
in approximately 20% of patients. Dantrolene has few side
effects, with muscle weakness (100%), phlebitis (10%), respi-
ratory failure (3%), and gastrointestinal discomfort (3%) being
reported.

Treatment for an acute episode of MH is summarized as
follows.
� All triggering agents should be discontinued immediately.
� Hyperventilate with 100% oxygen at flows �10 L/min to

remove residual anesthetic gases and additional CO2.
� Call for help, notify surgeons, and obtain dantrolene.
� Administer dantrolene therapy 2.5 mg/kg every 5 minutes

up to a total of 10 mg/kg, or until cessation of signs and
symptoms of MH.

� Administer sodium bicarbonate (2–4 mEq/kg) for
treatment of metabolic acidosis.

� Control fever with surface ice packs, iced gastric and rectal
lavage; stop cooling at 38◦C to avoid hypothermia.

� Manage hyperkalemia with glucose, insulin, and
bicarbonate.

� Follow serial blood gases and laboratory tests and treat as
needed.

The patient needs to be followed closely for signs of recrude-
scence, DIC, and renal failure and should be admitted to an
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Table 110.3. Differential diagnosis of MH

Neuroleptic malignant syndrome
Sepsis
Thyroid storm
Pheochromocytoma
Hypoxic encephalopathy
Mitochondrial myopathies
Periodic paralysis disorders
Iatrogenic hyperthermia
Drug-related hyperthermia

intensive care unit. As noted earlier, dantrolene may require
redosing every 4 to 6 hours over the first 24 hours.Therapymay
need to be initiated to treat rhabdomyolysis andmyoglobinuria,
including maintenance of high urine output and alkalization of
urine.

Differential diagnosis
There are several disorders that cause hyperthermia in the oper-
ating room and may therefore be mistaken for MH (Table
110.3). Thyroid storm presents with similar changes in vital
signs, but usually occurs postoperatively and ismost often asso-
ciated with hypokalemia instead of hyperkalemia. It is also not
associated with respiratory acidosis or muscle rigidity. Sep-
sis can be confused with MH, but muscle rigidity is rarely
seen in sepsis. Unlike with MH, the signs of sepsis can be
treated with antibiotics and nonsteroidal anti-inflammatory
drugs (NSAIDS). Pheochromocytoma is another disease asso-
ciated with marked increases in heart rate and blood pressure,
but increased end-tidal CO2 is not a common finding.

Neuroleptic malignant syndrome (NMS) is clinically sim-
ilar to MH. It presents with tachycardia, hypertension, fever,
muscle rigidity, and acidosis.The difference is that it is not trig-
gered by anesthetic agents, but rather after exposure to certain
antipsychotic drugs. These drugs cause a decrease in dopamin-
ergic activity in the central nervous system.The onset of symp-
toms varies from hours to days after the drug is administered.
Bromocriptine, a dopamine agonist, may be useful in the treat-
ment of NMS. Dantrolene also seems to be an effective therapy
in some cases of NMS but is associated with a higher death rate
in some studies.

MH diagnosis
The gold standard test for diagnosis of MH in the United States
is the caffeine halothane contracture test (CHCT). The analo-
gous test in Europe is referred to as the in vitro contracture
test (IVCT). A muscle biopsy is required to perform this test
and is usually taken from the vastus lateralis or the quadriceps.
Portions of the biopsy sample are exposed to 0.5 to 10 mM
caffeine, 3% halothane, and both in combination. MH suscep-
tible muscle is more sensitive to caffeine and more likely to
have a contracture when exposed to halothane than is normal
muscle.

The classifications given as a result of the CHCT (US proto-
col) are either MH susceptible (MHS) or MH normal (MHN).
MH susceptibility is diagnosed by an abnormal response to
caffeine, halothane, or both in combination. Under the IVCT,
three designations are given. MH susceptible (MHS) refers to
patients who have abnormal responses to both the caffeine and
halothane baths. MH equivocal (MHE) is designated for an
abnormal response to either caffeine or halothane, but not to
both. MH normal or nonresponders (MHN) have no abnormal
response to either caffeine or halothane.

The CHCT (US protocol) has a sensitivity of 97% and a
specificity of 78%, whereas the IVCT (European protocol) has
been suggested to have a sensitivity of 99% and a specificity
of 94%. These rates, however, are highly skewed as the com-
parison groups are derived only from patients with abnormal
responses to anesthesia that resemble MH and not from the
general population or a population that includes other muscle
disease groups. Despite invasive and expensive testing, patients
who have been fully evaluated are often not managed appro-
priately following a suspected MH crisis. MH normal patients
are commonly still given nontriggering anesthetics or subjected
to delays in care despite the availability of normal test results,
which has made some practitioners question the usefulness of
testing, beyond academic interests.

Genetic testing has been proposed as a screening tool, but
proves difficult because MH has such a heterogeneous genetic
basis. Multiple different mutations have been shown to occur
in the RyR gene of some patients. Furthermore, markers may
also be present on other chromosomes, making routine screen-
ing even more difficult. Finally, discordance has been shown in
some patients who have negative genetic screening and a posi-
tive IVCT.

Follow-up after presumedMH event
The patient and family should be alerted to the risks and famil-
ial nature of MH and referred to the Malignant Hyperther-
mia Association of the United States (MHAUS). Arrangements
should be made for follow-up and, if desired by the patient, a
muscle biopsy can be performed for definitive diagnosis. An
Adverse Metabolic Reaction to Anesthesia (AMRA; available at
www.mhreg.org) report should be completed, and the patient’s
primary care provider should also be contacted. MHAUS has
been operating since 1981 and provides an invaluable resource
for physicians and patients.They can be reached at www.mhaus
.org, info@mhaus.org, or 1–800–644–9737 (1–315–464–7079
outside the United States).
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Chapter

111 Myasthenia gravis
Tomas Cvrk

Myasthenia gravis (MG) is an autoimmune disease caused by
the presence of autoantibodies against the proteins (most often
acetylcholine receptor [AChR] of the postsynaptic cell in the
neuromuscular junction [NMJ]). It is characterized by the vary-
ing degrees of weakness in the muscles of the body. The preva-
lence of the disease in the general population is 5 to 12.5 per
100,000.

The result of antibody binding to the AChR is a decrease
in effective concentration of the receptor in the postsynap-
tic cell membrane. At least three different mechanisms have
been proposed for this to occur: (1) binding and activation of
complement at the NMJ; (2) accelerated degradation of AChR
molecules by internalization of the antibody-labeled receptor;
and (3) functional AChR block that prevents functional bind-
ing of ACh.

ACh binding to the AChRs causes an allosteric (conforma-
tional) change that increases the AChR channel permeability
for Na+ and K+, which in turn results in membrane depo-
larization. This current flowing across the membrane, if suf-
ficient, allows for firing of the action potential and poten-
tially muscular contraction. The reduction in the number of
AChRs inMG lowers the generated endplate potential and thus
increases the threshold for the number of remaining AChRs
that must be activated for triggering an action potential. It
is estimated that the presence of the antibody results in an
approximately 70% reduction of AChR number, with remain-
ing receptor molecules probably occupied by the antibody. The
anti-AChR antibody is present in 85% of tested MG patients.
The remaining 15% patients are called seronegative. It has been
found that themajority of these seronegative patients have anti-
body against another protein present at the postsynaptic mem-
brane, MuSK, which plays an important role in the process of
clustering AChRs during the development of the NMJ.

The cause of MG is still not clear. The majority of patients
have an abnormality of the thymus gland, either hyperplasia or
thymoma. Several different types of MG have been recognized
and are summarized in Fig. 111.1.

Clinical features
MG has a bimodal presentation, affecting women more than
men in the third through the fourth decade of life, but there
is a higher prevalence in men in the fifth decade onward. The

characteristic presentation of MG is fatigability of skeletal mus-
cles with repetitive use. Interestingly, the first muscles that
are usually affected by the disease are eyelids and extraocu-
lar muscles. As the disease progresses, patients may have dif-
ficulty chewing and swallowing. Most of the patients (85%) will
develop generalized weakness if not treated. The most serious
complication is respiratory failure, either from exacerbation of
the stable disease (myasthenia crisis) or from progression of the
disease without effective treatment. Patients with anti-MuSK
IgG present with bulbar and respiratory weakness rather than
limb involvement.

Diagnosis
Initial diagnosis is usually based on a high level of clinical sus-
picion. The edrophonium (Tensilon) test consists of adminis-
tration of up to 10 mg of edrophonium with the expectation
of a reduction of symptoms in MG patients. The mechanism of
action behind this test is that edrophonium is a short-acting
acetylcholinesterase (AChE) inhibitor that increases the con-
centration of ACh at the NMJ, which leads to improvement
of the signal transduction and, clinically, increased muscle

Types of
myasthenia

gravis

Drug
induced Neonatal

Autoimmune

Congenital

Penicillamine
(reversible)

Genetic defects in 
 the AChR subunit
 morphology IgG autoantibodies

directed toward the
postsynaptic AChR

In infants born to a
mother with MG (due
to placental transfer
of anti-AChR Ab);
resolves in 6 weeks

Figure 111.1. Types of MG.



Part 20 – Anesthesia for Neuromuscular and Collagen Diseases

strength within 45 seconds. Although diagnostic, this test has
a low sensitivity and specificity.

Another diagnostic modality used for diagnosis is elec-
tromyography (EMG). One looks for a �10% decrease in mus-
cle action potential during a 2- to 3-Hz stimulation. Here,
single-fiber EMG is more sensitive than compound muscle
measurements. The abnormalities that are seen with EMG in
MG patients, however, can be caused by other NMJ disorders,
such as myopathies or Lambert–Eaton myasthenic syndrome
(LEMS).Themost specific test is the detection of the circulating
autoantibodies.

There is an association betweenMG and other autoimmune
processes like thyroiditis, rheumatoid arthritis, polymyositis,
celiac disease, and sarcoidosis. Approximately 75% of MG
patients have thymic abnormalities, and 10% of those have thy-
moma. Thymomas are usually surgically removed because of
the risk of invasion.

Treatment
There are two treatment modalities for patients with MG: med-
ical and surgical. AChE inhibitors are usually recommended
as the first line of treatment. Pyridostigmine is the most com-
monly prescribed medication. The dose is slowly titrated up by
the effect to avoid overdosing and developing a cholinergic cri-
sis.The disease often can be controlled reasonably well by using
drugs, but waxing and waning of symptoms is common with
AChE inhibitor treatment.

Steroids are the drugs used most frequently in patients with
insufficient control on AChE inhibitors only. Steroid dose is
titrated up slowly because a high dose of corticosteroids could
cause exacerbation of the disease. After several months of high-
dose steroids, dose is reduced for chronic administration. The
shortcoming of steroids is a high frequency of side effects asso-
ciated with their use.

Azathioprine is an immunosuppressant used commonly for
MG treatment. As a purine analogue, it interferes with T- and
B-cell proliferation. It is as effective as steroids and is often
used as a steroid-sparing therapy in patients who do not tol-
erate high-dose corticosteroids. The disadvantage of its use is
that there may be a delay of up to 15 months before the clin-
ical benefit is apparent. Cyclophosphamide is another effec-
tive immunosuppressant. It is usually only used in patients
who do not respond to other immunosuppressants because
it has an undesirable adverse effect profile (hair loss, delayed
effect, anorexia, skin discoloration, nausea, vomiting). Less fre-
quently used immunosuppressants are cyclosporine, tacrolimus
(FK506), and mycophenolate mofetil, which are usually used as
steroid-sparing agents.

Surgical treatment involves thymectomy in patients post
puberty. Although the remission of the disease after the surgery
has been documented, the clinical efficacy of thymectomy has
been questioned because of the lack of solid evidence support-
ing its use. Moreover, the therapeutic effect can be delayed until

months to years after the surgery. One of the reasons why it
has been so difficult to establish the benefit of thymectomy
is that a lot of patients are treated with corticosteroids and
other immunosuppressive medications at the same time, mak-
ing it impossible to knowwhich treatment is responsible for the
remission.

Other treatment modalities that are usually reserved for
myasthenia crisis or acute disease exacerbation are plasma
exchange and intravenous immunoglobulin (IVIG) therapy.
The former directly decreases the titer of the antibodies against
AChR by replacing a patient’s plasma with albumin, saline, and
plasma protein fraction. The mechanism of IVIG is not fully
understood, but it involves administration of pooled human
IgG for 5 days leading to complex immunomodulatory effects
and a decrease in native antibody production. In several ran-
domized clinical trials, neither of these modalities has been
shown to have any benefit as a chronic therapy. Thymectomy
is a surgical treatment option that involves removal of the thy-
mus gland. This procedure can be quite effective, although it
may take time for clinical symptoms to improve.

Anesthetic management of the patient
with MG
Preoperative evaluation
Patients with a history of MG present with several preopera-
tive considerations. The history of the disease and its severity
should be obtained as well as the current and past therapeutic
regimen. Special consideration should be given to assessment
of any muscle strength compromise, especially weakness of the
respiratory or bulbarmuscles.The patient’s inability to generate
a strong cough to clear secretions is important because it can be
a marker for increased risk of aspiration as well as postopera-
tive atelectasis. The baseline preoperative pulmonary function
tests should be obtained to identify patients with low forced
vital capacity and negative inspiratory pressures that may be
at increased risk for postoperative mechanical or noninvasive
ventilation.

Most MG patients are managed on AChE inhibitors. The
presence of these medications in the body reduces the effect
of neuromuscular blockade intraoperatively and diminishes the
muscle relaxation effect of inhalational agents in non-muscle-
relaxant anesthesia.Therefore, AChE inhibitors are usually dis-
continued on the day of surgery and resumed postoperatively.

Patients with significant preoperative muscle weakness on
AChE inhibitor or other therapy may benefit from a preoper-
ative course of plasmapheresis or IVIG therapy, both of which
have been found to result in short-term improvement of func-
tional status.

In patients with MG associated with thymoma, the loca-
tion, size of the mass, and potential compromise of adjacent
structures (airway/vascular) should be evaluated with imaging
as well as by pulmonary function flow–volume loops.
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Neuromuscular blockade
Succinylcholine
Due to a reduced number of receptors in the postsynap-
tic membrane, patients with MG usually have an increased
requirement for depolarizing agents. A higher concentration
of succinylcholine at the NMJ is required to block a sufficient
number of receptors that would block the signal transmis-
sion. The measured dose response to succinylcholine in MG
patients showed that their 95% effective dose (ED95) was 0.8
mg/kg, or 2.6 times higher than that in patients without MG.
An administered total dose of 2.0 mg/kg should be sufficient
for rapid sequence induction in most MG patients. The dura-
tion of action of succinylcholine, however, can be prolonged
because of the presence of AChE inhibitors used for treatment.
The anesthetist must remember that the high first dose of suc-
cinylcholine and/or multiple doses required for intubation put
MG patients at increased risk for development of the phase II
block.

Nondepolarizing neuromuscular blockers
In general, MG results in increased sensitivity to nondepolar-
izing neuromuscular blockers (NMBs) because of the lower
number of receptors that need to be blocked in the NMJ. It is
recommended that the baseline neuromuscular block be tested
before inducing anesthesia and again before administration of
nondepolarizing NMBs. The train-of-four can be used for that
purpose for routine use in the operating room. Other moni-
toringmodalities (electromyography [EMG],mechanomyogra-
phy) that can be used for neuromuscular monitoring provide
more objective data, thus allowing for more precise quantifica-
tion of the neuromuscular blockade. The set up of these mon-
itoring modalities is more elaborate, however, and therefore
often impractical for routine use in the operating room. Patients
with a decreased T1/T4 ratio before anesthesia is administered
are at increased risk for postoperative weakness and the possi-
bility of prolonged mechanical ventilation.

Because sensitivity to all nondepolarizing NMJ blockers is
increased, long-acting NMJ blockers should be avoided. The
dose of the agent should be reduced and titrated to effect
by giving small increments. A reasonable starting dose of
cisatracurium, vecuronium, atracurium, and even rocuronium
and mivacurium is approximately 40% of the dose recom-
mended for the normal population given the fact that the ED95
for most of these drugs is in the 40% to 60% range of that for
normal controls. However, significant variability exists among
patients, depending on the natural course of the disease, sever-
ity, and treatment.

Choice of anesthesia modality
General anesthesia, regional anesthesia (including peripheral
nerve blocks), and the combination of regional with general
anesthesia have been used successfully in patients with MG.

Induction
To avoid postoperative complications, some anesthesiologists
prefer to avoid use of muscle relaxants all together and use
inhalational or IV agents to facilitate muscle relaxation for tra-
cheal intubation as well as surgical relaxation. To avoid using
succinylcholine, a rapid sequence technique using propofol
and remifentanil for induction has been successfully used in
patients with MG who needed emergent surgery. Inhalational
induction can be used in patients without indication of rapid
sequence induction.

Maintenance
Anesthesia is usually maintained with nitrous oxide and/or
volatile gases. The advantage of volatile gases is their abil-
ity to provide muscle relaxation in MG patients for many
surgical procedures, which may eliminate the need for addi-
tionalNMBs.The fast elimination of current inhalational agents
ensures minimal residual blockade and facilitates prompt extu-
bation. Successful use of total intravenous anesthesia (TIVA)
has been reported. Remifentanil has been described as pro-
viding great analgesia and hemodynamic stability, especially in
older patients, in addition to its rapid and predictable elimina-
tion.

Regional anesthesia
Regional anesthesia can provide an excellent level of anesthesia
without the need for NMJ blockade. However, it is important to
avoid a high level of anesthesiawhen neuraxial blockade is used,
in order to prevent a respiratory muscle compromise. There is
a theoretical potentiation of neuromuscular block with the use
of local anesthetic; therefore, a reduced dose of local anesthet-
ics for regional anesthesia is recommended. The combination
of general anesthesia and epidural anesthesia has been reported
for abdominal surgery and thymoma resections. Epidural anes-
thesia in this case provides analgesia intraoperatively and post-
operatively and, in addition, provides muscle relaxation during
the surgery.

Postoperative considerations
The majority of patients with MG can be safely extubated at
the end of the procedure. Patients with severe, long-standing
disease, respiratory compromise (peak inspiratory pressure
�−25 cm H2O; vital capacity �4 ml/kg), and those on high
dose pyridostigmine (�750 mg) are predicted to be at higher
risk for need of postoperative ventilatory support. All patients
with MG need careful monitoring in the postoperative period
for signs of muscle weakness and respiratory failure and for the
possible need for reintubation. Adequate analgesia should be
provided; however, oversedation from narcotic drugs is unde-
sirable.

Any medications that can exacerbate muscle weakness
should be avoided intraoperatively and in the postoperative
period. These medications include glucocorticoids, lithium,
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Table 111.1. Comparison of MG and LEMS

Effect LEMS MG

Muscles Proximal limb weakness (legs > arms)
Exercise improves strength
Muscle pain common
Reflexes absent or decrease

Extraocular, bulbar, and facial muscle weakness
Fatigue with exercise
Muscle pain uncommon
Reflexes normal

Gender Male > female Female > male
Coexisting pathology Small cell carcinoma of the lung Thymoma
Succinylcholine Sensitive Resistant
Nondepolarizing muscle

relaxants
Sensitive Sensitive

AChE agents Decreased (poor) response Good response

phenytoin, aminoglycoside antibiotics, clindamycin, cipro-
floxacin, propranolol, magnesium, and procainamide. AChE
inhibitor therapy should be restarted in the immediate postop-
erative period. Exacerbation ofmuscleweakness should be eval-
uated at once, and any possible residual anesthetic effect should
be differentiated from possible myasthenia crisis or cholinergic
crisis.

Neonatal myasthenia
Transient neonatal MG occurs in 10% to 20% of infants born
to mothers with MG. Maternal AChR antibodies cross the pla-
centa and are responsible for transient MG symptoms in the
neonate.Themain clinicalmanifestation of neonatalMG is gen-
eralizedweakness, and these infants are at increased risk for res-
piratory insufficiency. AChE therapy is required for 3 to 4weeks
after birth.

Myasthenic crisis versus cholinergic crisis
Bothmyasthenic crisis and cholinergic crisis can present as res-
piratory failure. Triggers for myasthenia crisis include disease
exacerbations, noncompliance with cholinesterase inhibitor
medication, adverse effects of other medications, fever, and
emotional stress. Cholinergic crises develop secondarily to an
overdose of cholinesterase inhibitor medication. In these cases,
excessive ACh stimulation of striated muscles at the NMJ
produces a flaccid muscle paralysis that can be clinically indis-
tinguishable from weakness due to myasthenia crisis. Respira-
tory failuremay be present without other cholinergic symptoms
(miosis, diarrhea, urinary incontinence, bradycardia, emesis,
lacrimation, or salivation).

The edrophonium test can be used to distinguish between
cholinergic and myasthenic crises. The initial dose of edro-
phonium should be 2 mg IV, administered slowly. Atropine
is the drug of choice for bradycardia or atrioventricular (AV)
block, if encountered. If there is no response or there are no
adverse cholinergic effects, another 8 mg IV of edrophonium
can be slowly administered, for a total dose of 10 mg. Improved
muscle strength after the dose of edrophonium implies myas-
thenic crisis; increased weakness indicates that it is cholinergic
crisis. A myasthenic crisis should be treated with a cautious

administration of appropriate longer acting cholinesterase
inhibitors. Treatment for cholinergic crisis is respiratory sup-
port, discontinuation of all anticholinesterase drugs, and symp-
tomatic treatment of any associated autonomic dysfunction.

Lambert-Eatonmyasthenic syndrome
LEMS is another autoimmune disorder that affects neuro-
transmitter signaling in the NMJ. In contrast to MG, the
autoantibodies are directed toward presynaptic ending, more
specifically against voltage-gated Ca2+ channels. ACh is
released from intracellular vesicles as a result of calcium influx
via these channels. The presence of LEMS antibody results in a
decrease of ACh release toward the postsynaptic membrane.

In a majority of LEMS patients, the antibody is produced
as a part of paraneoplastic syndrome due to underlying malig-
nancy; most commonly it is associated with small cell cancer of
the lung (up to 60%). LEMS, however, can exist as a standalone
autoimmune disorder.The disease is characterized by lower and
upper extremity weakness of variable progressivity, associated
with autonomic dysfunction and occasional oculobulbar palsy.
The muscle weakness improves with repetitive contraction as
more ACh is being released to the endplate.

Diagnosis is usually made based on clinical presentation
with increased suspicion in patients with small cell carcinoma
and concomitant dysautonomia. A positive calcium voltage-
gated channel antibody test confirms the diagnosis. Muscle
biopsymost frequently demonstrates a reduction of type 1mus-
cle fibers. Often the diagnosis of LEMS leads to the diagnosis of
previously unrecognized small cell carcinoma.

The only effective medications currently used for treat-
ment of LEMS are guanidine hydrochloride and 3,4-diami-
nopyridine. The latter increases time of calcium influx into the
cells via blockade of potassium. The former inhibits the bind-
ing and uptake of calcium into subcellular organelles such as
mitochondria, thereby increasing the free intracellular calcium
level and facilitating ACh release. Guanidine hydrochloride is
hepatotoxic, which limits its use. Plasmapheresis and immuno-
suppression also have been found to be effective at improving
symptoms.A comparison of the clinical symptoms of LEMSand
MG is summarized in Table 111.1.
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Anesthetic implications
In contrast to MG patients, LEMS patients are characterized by
increased sensitivity to both depolarizing and nondepolarizing
muscle relaxants. The sensitivity to nondepolarizing agents is
more pronounced in LEMS than in MG. An anesthetic strat-
egy that would involve avoidance of muscle relaxants should
be strongly considered in patients with known LEMS. When
nondepolarizing NMBs are used, the reversal of muscle relax-
ation in these patients is often incomplete or transient, posing
an increased risk for the need for postoperative ventilatory sup-
port. As discussed earlier in this chapter regardingMG, volatile
anesthetics and/or IV anesthetics are often sufficient in provid-
ing muscle relaxation for intubation and maintenance of anes-
thesia. LEMS should be on the list of differential diagnoses in
patients with prolonged paralysis without any evidence of pseu-
docholinesterase deficiency.
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112 Muscular dystrophy andmyotonic dystrophy
Jason M. Erlich and Sugantha Sundar

Neuromuscular diseases are a group of diseases that include
muscular and myotonic dystrophies (Tables 112.1 and 112.2)
as well as additional disease states. Many, although not all of
the diseases are clinically characterized by the progressive loss
of skeletal and cardiac muscle function due to abnormal or
insufficient quantities of muscle cell proteins, which affect the
integrity of the muscle membrane. As genetic diagnosis of dis-
ease becomes more pervasive, new classifications may become
the standard. It is possible that neuromuscular disease has
been underdiagnosed as clinically mild cases may not arouse
suspicion.

The goals of this chapter are to

(1) discuss the different types of muscular dystrophies and
their anesthetic implications, and

(2) discuss the anesthetic implications of ion channel
myotonias.

Discussion of myasthenia gravis (MG), myasthenic syn-
dromes, multiple sclerosis, motor neuron disease, Guillain–
Barré syndrome, mitochondrial disease, and Charcot–Marie–
Tooth disease is beyond the scope of this chapter.

Muscular dystrophies
The muscle cell is made up of a variety of proteins, such as
dystrophin, merosin, utrophin, syntrophin, dystrobrevin, and
sarcoglycans. Errors in production of these proteins lead to
abnormalities in the muscle membrane. These are disorders of
usually genetic etiology characterized by skeletal muscle necro-
sis and hence progressive muscle weakness. In some cases,
the cardiac muscle is also involved. Muscular dystrophies are
often described by their clinical presentation; however the cur-
rent classification is based on molecular, genetic, and protein
biochemistry.

Duchennemuscular dystrophy
Duchenne muscular dystrophy (DMD) is the most common
type of childhood muscular dystrophy, occurring at a rate of 1
in 3300 live male births. It primarily affects males via X-linked
recessive transmission; however, a milder phenotype can be
observed in female carriers. DMD is characterized by a lack of

dystrophin and an imbalance between muscle cell necrosis and
regeneration. A mouse model exists and has been scrutinized
since the mid-1990s, but a comprehensive mechanism explain-
ing the disease has not been elucidated. There are a number
of hypotheses that attempt to explain the mechanism by which
absent dystrophin leads to muscle degeneration. The mechan-
ical hypothesis relates the weakened muscle membrane to the
fragility of muscle fibers themselves, especially after sustained
contraction.This hypothesis has led to the notion that, although
physical therapy is still useful in treatment, overexertion may
be harmful. The calcium hypothesis states that the poorly con-
trolled calcium influx observed through voltage-independent
channels may result in high cytosol calcium levels and destabi-
lization of the cell membrane, which in turn leads to more cal-
cium influx. By age 12, many affected individuals are confined
to a wheelchair. Death by age 30 is frequent and is usually sec-
ondary to congestive heart failure (CHF) or pneumonia. Cogni-
tive dysfunction is related to the lack of dystrophin in neuronal
membranes.

Because there is no curative treatment for DMD, medical
management has focused on decreasing the rate of decline of
muscle function. Chronic steroid use has an impact on the rate
at which DMD progresses and has been shown to slow the pro-
gression of disease, improve peripheral muscle function, pre-
serve pulmonary function, and delay wheelchair use by 3 years.
Corticosteroids are thought to increasemusclemass via increas-
ing insulin-like growth factor I and promoting skeletal muscle
repair and regeneration.

Becker muscular dystrophy
Becker muscular dystrophy (BMD) results from a dystrophin
deficiency. The disease course is milder than DMD because the
dystrophin protein is present but in insufficient quantity. It is

Table 112.1. Types of muscular dystrophies

Duchenne
Becker
Emery–Dreifuss
Limb-girdle
Congenital muscular dystrophy
Facioscapulohumeral
Myotonic dystrophy: types 1 and 2
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Table 112.2. Overview of types of muscular dystrophies

Name Incidence Inheritance Clinical Treatment Notes

Duchenne 1:3300 males X-linked
recessive

Progressive proximal muscle
weakness beginning in
childhood; death possible
before 30 y due to cardiac or
pulmonary complications

Steroids Avoid succinylcholine; response
to mivacurium is normal

Becker 1:30,000 males X-linked
recessive

Milder form of above; cardiac
abnormalities in 75% of 40+
year olds

None Avoid succinylcholine

Emery–Dreifuss 1:33,000 AD or X-linked
recessive

Early contracture of elbows and
Achilles tendons,
humeropectoral muscle
wasting, life-threatening
cardiac conduction
abnormalities

Implantable
defibrillator

Avoid succinylcholine

Limb-girdle 1:20,000 AR > AD Slowly progressing, relatively
benign course; onset 20s–50s;
shoulder and pelvic girdle
weakness

Avoid succinylcholine; most
common in families of North
African descent

Oculopharyngeal Rare Presents after 30 y; slowly
progressive dysphagia; ptosis

Highly sensitive to muscle
relaxants; weakness not
helped by anticholinesterase
agents

Congenital 0.7–1.2:10,000
(Fukuyama
form Japan)

AR Poor prognosis; hypotonia at
birth; respiratory difficulty;
swallowing abnormalities;
CNS involvement; seizures in
50%; death by 10 y; common
10

Avoid succinylcholine; rarely
seen outside Japan

Facioscapulohumeral 10–20 per million AD Facial, scapulohumeral, anterior
tibial, and pelvic girdle muscle
weakness beginning in
adolescence; cardiac
conduction defects, deafness,
and retinal disease are also
associated

Avoid succinylcholine

Myotonic dystrophy
(MD1 and MD2)

AD Myotonia, insulin resistance,
cardiac conduction defects,
cataracts, testicular atrophy,
frontal balding (males)

Avoid succinylcholine

AD, autosomal dominant; AR, autosomal recessive; CNS, central nervous system.

also caused by an X-linked recessivemutation in the dystrophin
gene. Onset is in childhood but may be as late as 16 years.

Emery–Dreifuss muscular dystrophy
Patients with Emery–Dreifuss muscular dystrophy often have
implantable defibrillators, as cardiac conduction defects asso-
ciated with the disease can be fatal. Skeletal muscle manifes-
tations are milder, associated with contractures of the elbows,
ankles, and spine. There are two types of Emery–Dreifuss mus-
cular dystrophy associated with defective nuclear proteins: an
autosomal dominant type associated with defective lamin and
an X-linked recessive type associated with defective emerin.

Limb-girdle muscular dystrophy
Limb-girdle muscular dystrophy is exemplified by shoulder-
and pelvic-girdle weakness. It is most common in families of

North African descent. It is associated with a sarcoglycan pro-
tein abnormality and is usually inherited as an autosomal dom-
inant or recessive trait.

Facioscapulohumeral muscular dystrophy
Facioscapulohumeral muscular dystrophy is associated with
weakness of facial, scapulohumeral, anterior tibial, and pelvic
girdle muscles; cardiac conduction defects, deafness, and reti-
nal disease are also associated. It has an autosomal dominant
inheritance pattern.

Oculopharyngeal muscular dystrophy
Oculopharyngeal muscular dystrophy is associated with ptosis
and dysphagia with onset in late adulthood. The dysphagia is
secondary to esophageal smooth muscle dysfunction and pha-
ryngeal skeletal muscle weakness.
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Congenital muscular dystrophy
Congenitalmuscular dystrophy is associatedwithmuscle weak-
ness, mental retardation, feeding difficulties, and respiratory
dysfunction with an onset during infancy.

Myotonic dystrophy
This is themost common form ofmuscular dystrophy in adults.
It results from themutation on either chromosome 19q13 (type
1) or chromosome 3q21 (type 2). Patients present with myoto-
nia, progressivemyopathy, testicular atrophy, insulin resistance,
defects in cardiac conduction, cataracts, neuropsychiatric ill-
ness, as well as frontal balding. Death is usually from cardiac
and respiratory complications.

Anesthetic considerations
(1) Patients with DMD frequently require surgical

intervention with general anesthesia to correct scoliosis
caused by unopposed antagonism of dystrophic muscles.
As some diseases such as DMD become multisystemic
over time, preoperative testing includes
electrocardiography (ECG), echocardiography, chest
radiograph, pulmonary function tests and, more recently,
cardiac MRI. Postoperatively, patients should be closely
monitored for evidence of cardiac and pulmonary
dysfunction.

(2) During the administration of general anesthesia,
succinylcholine should be avoided in patients with
diagnosed or suspected neuromuscular disease, as
hyperactive muscle membranes have been associated with
rhabdomyolysis, hyperkalemia, and cardiac arrest due to
the release of intracellular contents. In addition, there are
case reports of both previously unrecognized as well as
correctly diagnosed instances of DMD resulting in
postoperative rhabdomyolysis, hyperkalemia, and cardiac
arrest despite avoiding succinylcholine but using
inhalational agents. This has created a debate about the
use of inhalational agents previously thought to be
acceptable in patients with DMD. Sevoflurane may be the
preferred inhalational anesthetic as it may have less of a
tendency to release calcium from the sarcoplasmic
reticulum. Inhalational anesthetics are better avoided,
however, and total intravenous (IV) anesthesia may be
indicated in this patient population.

(3) DMD and BMD produce variable cardiac manifestations,
such as cardiomyopathy, arrhythmias, and CHF, which
generally become clinically significant after skeletal
muscle disease develops. Cardiomyopathy can be
hypertrophic with potential systolic and diastolic
dysfunction. Valvular dysfunction may develop as a result
of dilatation. A preoperative echocardiogram is helpful in
the intraoperative hemodynamic management of these
patients.

(4) Other considerations (not specific to DMD) include
intestinal hypomotility and gastroparesis associated with
degeneration of alimentary smooth muscle, which
increase the risk of aspiration.

(5) Resistance to the effect of nondepolarizing muscle
relaxants is due to the reduced sensitivity of the nicotinic
acetylcholine receptors. Nondepolarizing muscular
relaxants have been noted, however, to have a prolonged
effect due to their reduced ability to produce a contractile
force from muscle wasting. The response to mivacurium
is normal.

(6) Anticholinesterases to reverse nondepolarizing
neuromuscular blockers are better avoided because of the
variable response noted to these medications.

(7) Notably, blood loss during scoliosis surgery has been
shown to be high, possibly due to impaired
vasoconstriction from lack of dystrophin as well as
reduced neuronal nitric oxide synthase and platelet
dysfunction.

(8) Hyperglycemia should be controlled preoperatively as
these patients have an insulin resistance syndrome
possibly linked to lack of insulin receptors in the muscle
fiber membrane.

(9) The patient should be positioned with attention to avoid
injury.

(10) When reviewing laboratory test results, it is important to
note that persistently elevated serum creatine kinase (CK)
is associated with neuromuscular disease states and that it
may be the presenting symptom in a mildly symptomatic
or asymptomatic patient.

Ion channel myotonias
The ion channel myotonias are a diverse collection of disorders
characterized by abnormal sodium, calcium, and chloride chan-
nels in muscle. Clinically, myotonia is the result of a prolonged
depolarization with a delay in muscle relaxation. Muscle relax-
ants, general anesthesia, and regional anesthesia do not usually
prevent myotonia from occurring.

They are broadly classified as:
(1) Channelopathies: myotonia congenita, paramyotonia,

hyperkalemic periodic paralysis, potassium-aggravated
myotonia, hypokalemic periodic paralysis, and acquired
neuromyotonia

(2) Myotonic dystrophy: type 1 and type 2 (which is classified
under muscular dystrophy)

Myotonia congenita
There are two types:
(1) Autosomal dominant: Thomsen
(2) Autosomal recessive: Becker
Both Thomsen and Becker forms of the disease result
from mutations in chloride ion channels that decrease Cl−

692



Chapter 112 – Muscular Dystrophy andMyotonic Dystrophy

Table 112.3. Types of ion channel myotonias

Myotonia congenita (Thomsen and Becker)
Hyperkalemic periodic paralysis
Potassium-aggravated myotonia
Paramyotonia congenita
Hypokalemic periodic paralysis
Acquired neuromyotonia

conductance into the cell. The result is a hyperexcitable mus-
clemembrane that contributes tomuscle stiffness. Patients have
difficulty initiating muscle movement, which is followed by
impaired relaxation of the muscle. When there is sustained
activity, the condition improves. Muscle stiffness can be precip-
itated by the conditions listed in Table 112.4.

Similar to muscular dystrophy considerations, anesthetic
considerations in patients with myotonic dystrophy include
impaired pulmonary function, cardiomyopathy, delayed gas-
tric emptying, glossal hypertrophy, contractures, and spinal
deformity. As the response to nondepolarizing agents is nor-
mal to prolonged, using short-acting nondepolarizing neuro-
muscular blockers such as mivacurium and cisatracurium with
close monitoring may be beneficial. Succinylcholine may exag-
gerate myotonic contracture, and neostigmine may provoke a
myotonic episode. Association with MH is uncertain.

Successful anesthetics have included low-dose propofol
infusions (high-dose infusions have been associated with
prolonged recovery and exaggerated ventilatory depression).
Regional techniques have been used with success in both chil-
dren and adults. Epidural anesthesia has been successful in
parturients, although the condition may be exacerbated by
pregnancy.

Periodic paralyses
These are of two types:
(1) Hyperkalemic periodic paralysis (paramyotonia congenita)

and potassium-aggravated myotonia (mutations of skeletal
muscle voltage-gated sodium channel gene)

(2) Hypokalemic periodic paralysis (mutation of skeletal
muscle voltage-gated calcium channel gene)

Hyperkalemic periodic paralysis/paramyotonia
congenita and potassium-aggravated myotonia
(1) Potassium levels should be reduced before surgery;

potassium-free IV solutions are used.
(2) Maintain blood sugar levels with dextrose-rich solutions.

Table 112.4. Conditions that precipitate muscle stiffness with myotonia
congenita

1. Cold and shivering
2. Diathermy
3. Succinylcholine
4. Anticholinesterases

(3) Plasma potassium level as well as acid–base status should
be monitored.

(4) Short-acting nondepolarizing muscle relaxants are
preferred, and succinylcholine is to be avoided.

(5) ECG monitoring for arrhythmia is standard.
(6) Potassium-wasting diuretics may have a role in the

preoperative preparation of these patients.
(7) Propofol may be beneficial because it blocks normal and

mutant voltage-gated sodium channels.
(8) Spinal anesthesia seems relatively safe in this patient

population.
(9) Successful emergency treatment of hyperkalemia includes

calcium chloride.

Hypokalemic periodic paralysis
(1) Attacks are triggered by hypothermia, carbohydrate-rich

foods, insulin, and vigorous exercise.
(2) Potassium-sparing diuretics may be beneficial in the

preoperative setting.
(3) Anxiolytics to avoid preoperative stress should be

considered.
(4) Intraoperative K+ levels should be checked.
(5) Short-acting nondepolarizing muscle relaxants are

preferred, and succinylcholine is to be avoided.
(6) Spinal and epidural anesthesia seem relatively safe in this

patient population.

Acquired neuromyotonia
(1) Autoantibodies that target the presynaptic voltage-gated

potassium channels lead to inhibition of repolarization and
hence a hyperexcitable state (i.e., the opposite of MG,
although neuromyotonia can coexist with MG).

(2) Symptomatology includes muscle twitching at rest
(myokymia); muscle cramps, stiffness, insomnia, mood
changes, and hallucinations may be present.

(3) Drugs like phenytoin that increase the sodium pumping
action on the nerve may be beneficial.

(4)There is no contraindication to succinylcholine, and no
association with MH.

(5) Spinal and epidural anesthesia but not peripheral nerve
blocks have been successful in blocking the spontaneous
discharges that cause muscle twitching.

(6) Some patients may exhibit resistance to nondepolarizing
muscle relaxants, although they are useful in providing
muscle relaxation.

Other neuromuscular diseases and malignant
hyperthermia
Links between MH and King–Denborough syndrome (KDS)
have been made after clinical suspicion was followed up with
contracture testing in patients. The inheritance pattern of KDS
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is not completely understood, and a genetic link has not been
made. Contracture testing in some but not all DMD patients
has indicated a link to MH as well.

Central core disease (CCD), not usually classified with the
myotonic muscular dystrophies, has been shown to be strongly
linked to MH with clinical and laboratory evidence. CCD is a
distinct disease of the muscle fiber in which “cores” are noted
in a significant number of fibers on oxidative enzyme histo-
chemical analysis of skeletalmuscle.The clinical presentation of
CCD varies between being asymptomatic to being severely dis-
abled due to skeletal muscle weakness.The association between
CCD andMHhas beenmade by analyzing several families with
large pedigrees and through genetic analysis. Genetic proof
linking CCD to MH comes from the close proximity of the
CCD gene to the ryanodine receptor gene (a gene suspected as
a cause of MH), both on chromosome 19. Based on this proof,
all patients with CCD should be treated as if they are MH sus-
ceptible. Hyperkalemic periodic paralysis has also been linked
to MH.

Conclusion
Patients with neuromuscular disease are not uncommon, and
someof themneed repeated surgery formanagement of compli-
cations.Hence adequate knowledge of these clinical situations is
vital as there are multiple anesthetic implications. Team collab-
oration among the neurologist, surgeon, intensivist, and anes-
thesiologist can lead to better patient outcome.
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113 Ophthalmic procedures
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Anatomy and physiology
The globe of the eye averages 24 mm in diameter. Its wall has
three layers: the inner retina, the middle vascular choroid,
and the tough white outer sclera. The iris, ciliary body, and
the choroids are referred to collectively as the uveal tract
(Fig. 113.1).

Light takes the following path through the eye to the
retina:

� Cornea: Moistened by tears, this clear membrane is the
outermost surface of the eye. The cornea joins the sclera at
the limbus.

� Anterior chamber: Filled with clear aqueous humor, this
chamber forms an angle anteriorly where the cornea meets
the iris. It is at this location that the trabecular network
drains the aqueous humor into Schlemm’s canal.

� Pupil: This is the opening in the center of the iris. The
muscles of the iris control the papillary size or aperture of
the eye by constricting one of two muscle groups. Radial
fibers are sympathetically innervated and dilate the pupil
when stimulated (mydriasis). Sphincter fibers are circular
and parasympathetic innervated; the pupil constricts
(miosis) when they are stimulated.

� Posterior chamber: Bathed in the aqueous humor, it is in
this chamber that the clear lens is suspended by the zonular
fibers to the ciliary body. The ciliary body adjusts the lens
shape and acts to focus light on the retina. The ciliary body
also secretes aqueous humor.

� Vitreous: This is the transparent, gelatinous material that
fills the space between the lens and the retina.

� Retina: It is the retina that converts light to electrical nerve
impulses that run via the optic nerve and subsequently
radiate to the visual cortex.

Extraocular muscles
The eye is powered by six extraocular muscles. They insert into
the anterior sclera 6 mm posterior to the limbus. The infe-
rior oblique’s origin is on the nasal side of the maxilla. The
superior oblique passes through the trochlea before inserting

into the sclera. The superior, inferior, lateral, and medial rectus
muscles form a cone that originates at the apex of the orbit
where they form the annulus through which the optic nerve
leaves the orbit and where the ophthalmic artery, the first
branch of the internal carotid artery, enters.

Sympathetic and parasympathetic nerves converge on the
ciliary ganglion within this intraconal space prior to innervat-
ing the eye. Three cranial nerves innervate these extraocular
muscles: III (oculomotor), IV (trochlear), and Vl (abducens).
Most of the sensory innervations to the eye and orbit are via
the ophthalmic branch of the trigeminal nerve, which divides
shortly after entering the orbit through the superior orbital fis-
sure into the frontal, lacrimal, and nasociliary nerves.

Intraocular pressure
Because the blood supply to the retina and the optic nerve is
related to the intraocular perfusion pressure (defined as the dif-
ference between the mean arterial pressure and the intraocular
pressure [IOP]), IOP is important in eye surgery. High IOP lev-
els not only impair blood flow but can contribute to loss of eye
contents after the globe has been opened. A number of phys-
ical factors and drugs will affect IOP. Normal IOP is between
10 and 20 mm Hg; physical factors, such as coughing, vomit-
ing, or even a lid squeeze, can raise IOP to 30 to 40 mm Hg
or more.

Similarly, a poorly placed anesthesia mask putting pressure
on the eye and even ordinary tracheal intubation can raise IOP.
Increases in central venous pressure (CVP) and arterial carbon
dioxide tension will also increase IOP and vice versa. To a lesser
degree, increases in arterial blood pressure and large decreases
in arterial oxygen tension will also increase IOP (and vice versa
for arterial blood pressure).

Drugs can also have important effects on IOP. Inhala-
tional agents, barbiturates, and benzodiazepines (and to a
lesser extent, opioids) all tend to reduce IOP. Succinylcholine
can cause a moderate (6–8 mm Hg) increase in IOP last-
ing for a few minutes. Consequently, its use in “full stomach”
patients with open-globe injuries to facilitate rapid-sequence
intubation remains controversial (vide infra). Glaucoma is a
condition with increased IOP that is often treated using IOP-
lowering drugs, such as timolol (a �-blocker), echothiophate



Part 21 – Anesthesia for Ocular, Ear, and Throat Diseases

Figure 113.1. Anatomy of the eye.

(an anticholinesterase), acetazolamide (a carbonic anhydrase
inhibitor), as well as other drugs (discussed later).

Oculocardiac reflex
A particularly important consideration in eye surgery (and
in a number of other procedures) is the oculocardiac reflex.
This is a trigeminovagal reflex whose afferent limb extends
from the orbital contents to the sensory nucleus of the trigem-
inal nerve in the brainstem and whose efferent limb is via
the vagus nerve to the sinoatrial (SA) node of the heart.
The reflex is usually activated by traction on the extraocular
muscles (as with strabismus surgery) or with pressure on the
eyeball. Although the usual result is bradycardia, more dan-
gerous rhythm disturbances, even asystole, can occur. Should
significant bradycardia persist despite the surgeon stopping
the eye manipulation, treatment with intravenous atropine or
glycopyrrolate can be used. The reflex is accentuated with
concomitant hypercarbia and is most predominant in chil-
dren. Fortunately, the reflex tends to disappear with repeated
stimulation.

Clinical issues
Ophthalmic procedures, particularly surgery for cataracts, are
commonly carried out. Providing anesthesia for these patients
involves a number of special issues. For example, the patients
are usually elderly and frequently have comorbidities such as
diabetes, hypertension, or coronary disease. In contrast, oph-
thalmic surgery is low risk, usually involving minimal physi-
ologic trespass, so that mortality after eye procedures is much
lower than for the general surgical population. These two con-
flicting considerations have led to differing philosophies about
how ophthalmic patients should be evalutated prior to eye
surgery, with one group advocatingminimal evaluation beyond
a good history and physical examination and another group
advocating a more complete evaluation process so that the
patient will be fully optimized and be exposed to the lowest
risk possible. Regardless, most clinicians would hold that if an
untreated reversible condition would be expected to lead to a
perioperative complication, then a more complete workup is
indicated. A detailed review of the preoperative assessment of
the eye surgery patient has been provided by Gordon.
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Ophthalmologic drugs
Ophthalmic patients often take eyedrops, some of which have
important systemic effects and may interact with anesthetics.
Eye drops made with echothiophate, an irreversible inhibitor
of cholinesterase used to provide miosis in glaucoma patients,
may decrease plasma butyryl- and cholinesterase and conse-
quently may prolong the duration of action of succinylcholine
and mivacurium. Phenylephrine, an �-agonist, is often applied
topically to dilate the pupil but may also cause severe hyper-
tension with the 10% preparation. Timolol is a topical �-
blocker used in glaucoma treatment that may cause systemic
�-blockade. Acetazolamide, a carbonic anhydrase inhibitor, is
another drug used to lower IOP. It may cause hypokalemia.
Mannitol, sometimes given to lower IOP, may distend the uri-
nary bladder from the ensuing osmotic diuresis. Toxicity from
atropine drops can result in tachycardia, dry skin, fever, and
even agitation. Systemic administration of atropine has fewer
mydriatic effects than does that of scopolamine and is not

associated with an acute increase in ocular pressure, even in
glaucoma patients. Glycopyrrolate, with its quaternary ammo-
nium structure, might be a better choice if anticholinergics are
required (i.e., for reversal of neuromuscular blockade).

Nitrous oxide in ophthalmic surgery
In some vitreoretinal procedures the surgeon injects an intra-
vitreal gas bubble (usually sulfur hexafluoride or perfluoro-
propane) to maintain apposition of the neuroretina to the
retinal pigment epithelium. Use of nitrous oxide during or after
such cases will cause bubble expansion as nitrous oxide diffuses
into the bubble, causing IOP to increase to dangerous levels.
Consequently, nitrous oxide should be avoided in future cases
until the bubble is resorbed, a period that can be longer than a
month for perfluoroethane and 1 to 2 weeks for sulfur hexaflu-
oride (Fig. 113.2). Should you find yourself using nitrous oxide
and subsequently end up surprised by a change in surgical plan
that now includes the addition of a gas bubble, you must insist

Figure 113.2. Sample warning information and warning bracelet for patients receiving intraocular gas bubbles.
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on having 20 minutes (with a generous fresh gas flow of either
100% O2 or O2/air mix) to allow the nitrous oxide to dissipate
before a gas bubble is placed.

Topical anesthesia
Cataract surgery and some other eye procedures can often be
done using only topical anesthesia, such as tetracaine or lido-
caine eye drops. The technique works best when the incision is
small and the patients are cooperative, but does not provide aki-
nesis. Consequently, topical anesthesia for cataract surgery has
now become more the rule than the exception, as it offers both
extreme simplicity as well as the avoidance of the risks associ-
ated with retrobulbar and peribulbar injection techniques. Top-
ical eye anesthesia is sometimes supplemented by the surgeon
injecting 0.1 ml of 1% preservative-free lidocaine into the ante-
rior chamber (intracameral injection). Topical anesthesia is a
poor choice, however, for patients unable or unwilling to fol-
low instructions. Also, there is more eye movement, which may
be a disadvantage to the surgeon. Finally, note that the tech-
nique is often supplemented withmild tomoderate intravenous
sedation.

Conduction anesthesia for ophthalmic surgery
A variety of regional anesthetic techniques have been devel-
oped for eye surgery. These offer several advantages over gen-
eral anesthesia: postoperative analgesia, a low frequency of
nausea and vomiting, earlier ambulation, and earlier discharge.
Theprimary goals of these blocks are eye anesthesia and eye aki-
nesia (immobility). In addition, patient comfort and anxiolysis
must be provided. The former usually involves placing pillows
under the knees to keep them flexed, and the latter is usually
achieved with judicious intravenous sedation (e.g., midazolam,
fentanyl, and/or propofol). In all cases, standard monitors are
applied, and oxygen is given via a nasal cannula.

The retrobulbar block (Fig. 113.3) provides both eye akine-
sis and eye anesthesia. As the name implies, it involves inject-
ing local anesthesia behind the globe. The procedure is often
done in conjunction with a block of the facial nerve. Retro-
bulbar hemorrhage is the most common complication of this
block. Special care must be taken when performing this block
in patients with high myopia because globe perforation is more
likely to occur in this situation.

Concerns about retrobulbar hemorrhage with the retrobul-
bar block have led some ophthalmologists to champion the pos-
terior peribulbar block. Disadvantages include a longer onset
time and less complete eye akinesia. Another block, the sub-
Tenon block, avoids sharp needles entirely. The technique uses
a blunt cannula that is inserted between Tenon’s facia and the
sclera under local anesthesia. Local anesthesia (1–2 ml) is then
injected into the catheter. Although analgesia with this tech-
nique is excellent, and it is less painful than the retrobulbar
block, conjunctival edema is a frequent occurrence.

For these blocks, a 1:1 ratio of preservative-free bupi-
vacaine 0.75% and preservative-free lidocaine 2% (without
epinephrine) is sometimes used. Hyaluronidase is sometimes
added to increase the absorption and dispersion of the local
anesthetic. It is not uncommon to “stun” the patient with a
small dose of thiopental (50–100 mg) or propofol (30–50 mg)
just prior to carrying out a retrobulbar block. Complications of
these blocks are usually related to direct needle trauma or local
anesthetic toxicity.

� Trauma: retrobulbar hematoma, puncture or perforation of
the globe, intraneural injury, intramuscular injury
resulting in postoperative strabismus

� Local anesthetic properties: seizures from intravascular
(arterial) injection, loss of consciousness and respiratory
arrest from local anesthesia entering the central nervous
system (epidural, intrathecal) from injection into the
sheath of the optic nerve, which is continuous with the
dura and arachnoid

General anesthesia for ophthalmic surgery
In patients who are unsuitable for topical or regional anesthesia,
general anesthesia is usually used. Unsuitable patients include
some anxious patients, patients who are unable to lie still for
surgery, mentally challenged patients, patients who are oth-
erwise uncooperative, and much of the pediatric population.
Other examples include patients with severe tremors (e.g., from
Parkinson’s disease), restless leg syndrome, chronic cough, and
severe claustrophobia (a patient unable to ride in an elevator
due to claustrophobia cannot be expected to tolerate the con-
finement of surgery while awake).

Strabismus surgery and emergency surgery for an open
globe frequently require general anesthesia. It may be wise to
use general anesthesia in young, healthy patients undergoing a
sclera buckle or in those who may require enunciation of the
eye. Other patients who should be considered for general anes-
thesia include those with high myopia and an intraocular axial
length greater than 25 mm (making them at risk for injury to
the globe for some eye blocks), monocular patients, patients
who have suffered complications from previous regional anes-
thesia to the eye, anticoagulated patients, and patients with
needle phobia.

General anesthesia can be accomplished by using inhala-
tion anesthesia, total intravenous anesthesia, or a “balanced”
technique. Muscle relaxants are often used. Use of the laryngeal
mask airway (LMA) is popular in Europe for ophthalmologic
surgery and is often favored because it is said to provide for a
smoother, cough-free emergence. Because the airway is inacces-
sible during the surgery, however, the technique is shunned by
many anesthesiologists in this setting, who are fearful of laryn-
gospasm and other potential airway problems.

Postoperative nausea and vomiting (PONV) is always a con-
cern when general anesthesia is used. Frequently in ophthalmic
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Figure 113.3. Retrobulbar block (inferotemporal intraconal block). (A) The needle tip enters at the lower temporal orbital rim slightly up from the orbital floor
and passes very close to the bone. (B) At 10◦ elevation parallel to the orbital floor, the needle (e.g., 25 gauge Atkinson needle) passes backward until its mid-
shaft is at the iris. The tip is then at the equator of the globe. (C) The needle does not pass the midsagittal plane of the globe. It enters the intraconal space after
passing through the intermuscular septum. Any movement of the sclera is noted. After test aspiration, 4 ml of anesthetic solution is injected.
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surgery prophylactic antiemetic agents, such as ondansetron or
droperidol, are used to reduce the likelihood of this happening.

Open globe injury
Globe rupture following blunt injury and globe penetration
after a penetrating injury are major emergencies that as a
rule require surgery under general anesthesia. (Retrobulbar
blocks are contraindicated due to concerns that external pres-
sure might result in extrusion of vitreous.) Unfortunately, these
patients usually do not have empty stomachs, necessitating tra-
cheal intubation via rapid-sequence induction if the surgeon is
unwilling to delay the surgery until the stomach is empty. Spe-
cial attention should be paid to the avoidance of applying exter-
nal pressure to the eye, as with application of a face mask.

Because awake intubation can be associated with consider-
able coughing and bucking that would be expected to lead to
loss of eye content, its use should be reserved to situations in
which intubation by direct laryngoscopy would be expected to
be difficult. In addition, the use of a supraglottic airway in this
settingwould usually be inappropriate, as it does not protect the
airway against aspiration.

Further complicating matters is the fact that laryngoscopy
and intubation are associatedwith increased IOP, as is the use of
succinylcholine as compared to nondepolarizing muscle relax-
ants. These cases thus present a clinical dilemma that remains
unanswered to this day: Is it better to secure the airway more
rapidly using succinylcholine, with its typical 6 to 8 mm Hg
increase in IOP, or is it better to use a nondepolarizing muscle
relaxant that will take longer to work, even in large doses? After
years of rigid teaching that the latter is the preferred approach,
thinking is now shifting toward the former.
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Chapter

114 Common otolaryngology procedures
Naila Moghul and D. John Doyle

Otolaryngologic surgery encompasses a wide variety of pro-
cedures and an equally wide variety of patients, many with
significant comorbidities. It is important to assess the anes-
thetic risk for the patient and note any history of congenital or
acquitted malformations, abscesses or other infections, tumors,
a history of head and neck radiation, previous airway trauma,
the presence of nasal polyps, proven or suspected obstructive
sleep apnea (OSA), and a history of hoarseness, stridor, or
hemoptysis.

In all cases, assessment of the airway is particularly vital:
Before beginning any case, one must first establish whether
problems with ventilation or intubationmight be expected.The
11-point airway examination developed by the American Soci-
ety ofAnesthesiology (ASA) is recommended.Additional infor-
mation may be available from the surgeon in cases in which
nasopharyngoscopy has been performed. Many patients will
also have recent CT and MRI scans of the head and neck that
should be reviewed for possible airway compromise. If there
is substantial concern about the airway, an awake intubation
(for instance, using a flexible fiberoptic bronchoscope [FOB])
or even a tracheotomy under local anesthesia should be consid-
ered.

After induction of anesthesia, it is common that the oper-
ating room table be rotated 90◦ or 180◦ from the anesthesia
setup, necessitating extensions to the patient’s breathing circuit.
A lower-body or under-body forced-air heating blanket is often
placed (e.g., Bair Hugger; Arizant, Eden Prairie, MN), although
in long cases body temperature can sometimes become exces-
sive from retained heat fromdrape use. Inspiratory gases should
be humidified. Low-flow anesthesia, over a long period, can
help preserve airway heat and humidity. Pressure points must
be padded well and frequently checked, and a Foley catheter
placed in prolonged cases.

Ear surgery
A number of ear procedures require either general anesthesia
or sedation in conjunction with local anesthesia. Myringotomy
with tube insertion is an especially common pediatric proce-
dure that is often performed under simple local anesthesia in
adults and in older children, although general anesthesia is usu-
ally required in younger patients. Ear procedures that usually

require anesthesia include acoustic neuroma removal, cochlear
implant surgery, otoplasty, tympanoplasty, and stapedectomy.

Use of nitrous oxide
Under normal physiologic conditions, any gas pressure buildup
within the middle ear is relieved through an open eustachian
tube.This pathwaymay be partially or completely obstructed in
conditions, such as otitis media, upper respiratory tract infec-
tion, or sinusitis, preventing the release of gas from the mid-
dle ear cavity. This potentiality explains why nitrous oxide can
be a problem in ear surgery. Specifically, nitrous oxide diffuses
into air-filled cavities more rapidly than the nitrogen present
in air is absorbed into the bloodstream.This property results in
gas expansion within themiddle ear cavity, leading to increased
middle ear pressure, possible rupture of the tympanic mem-
brane (eardrum), and even hearing loss. Even in tympanoplasty
procedures, during which the middle ear pressure is the same
as atmospheric pressure, placement of the tympanic membrane
graft converts themiddle ear into a closed cavity. If nitrous oxide
is either introduced at this point or is discontinued, a change in
air pressure in either direction risks dislodgement of the graft. It
is therefore recommended that nitrous oxide be avoided entirely
during middle ear surgery, or at least discontinued 20 minutes
prior to tympanoplasty.

Hemostasis
One of the requirements of microsurgery is that the surgical
field be kept clear of blood and secretions to allow good visu-
alization.What may appear to be mere tiny droplets of blood to
the naked eye may obscure the operating field when a micro-
scope is in use. Controlled (deliberate) hypotension is one tech-
nique occasionally used to counter this problem. The surgical
benefits, however, may not always outweigh the inherent risks
to the patient.

Nerve injury
In some types of ear operations, nerve stimulators are used to
identify nerves. Consequently, intraoperative use of neuromus-
cular blockade may sometimes predispose to misidentification
of anatomic structures and even result in dissection injury to
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structures such as the facial nerve. In contrast, even the slight-
est movement under a surgical microscope is magnified. These
two aspects must be resolved by a discussion with the surgeon
prior to the induction of anesthesia. Not infrequently, an infu-
sion of remifentanil is used as an anesthetic adjunct in such
cases.

Postoperative nausea and vomiting
Ear surgery, especially middle ear operations, commonly result
in postoperative nausea and vomiting (PONV). PONV pro-
phylaxis is usually employed in such cases, and an anes-
thetic technique that eliminates or deemphasizes the use of
potent inhalational agents and opioids should be considered.
Although PONV prophylaxis is detailed elsewhere in this
book, commonly used antiemetics include a scopolamine patch,
ondansetron, and dexamethasone.

Extubation
Smooth extubation without straining or coughing on the endo-
tracheal tube (ETT) is always desirable, but is particularly
important in many ENT cases. Topicalization of the glottic
structures with lidocaine at the time of intubation and the
intravenous (IV) administration of lidocaine (1–1.5 mg/kg)
around the time of extubationmay be used to blunt the patient’s
response to the ETT. Small doses of remifentanil are sometimes
also used for this purpose (e.g., 0.2–0.5 �g/kg).

Specific ear operations
Acoustic neuroma surgery
These tend to be long-duration procedures that are often done
by a neurosurgical team. A variety of surgical approaches are
commonly used (middle cranial fossa approach, retrosigmoid
suboccipital approach, translabyrinthine approach), and the
function of the facial nerve is often monitored.

Cochlear implant surgery
Cochlear implantation is a common surgical procedure used to
treat severe hearing loss, often done in the pediatric population.
The procedure usually includes placing an electrode array into
the cochlea and inserting the matching signal receiver into the
mastoid bone behind the ear.

Mastoidectomy
This surgical procedure is designed to remove pathology, such
as a pocket of infection or a cholesteatoma from the mastoid
bone. Its purpose is to prevent eventual damage to the hear-
ing apparatus. In a radical mastoidectomy, usually performed
to combat extensive spread of a cholesteatoma, the eardrum
andmiddle ear structures may be removed, although the stapes
is often spared. The procedure begins with an incision behind
the ear. The mastoid bone is then exposed and opened with a
drill. The pathology is then removed, followed by closure with

stitches. A drain may be placed. Facial nerve injury is a rare
complication.

Myringotomy
Myringotomy is commonly a pediatric procedure and is dis-
cussed elsewhere (see Part 24 on pediatric anesthesia).

Tympanoplasty
Tympanic membrane microsurgical repair using homografts is
a commonotologic procedure. Tissuematerials located near the
operative field are used tomake the graft. Temporalis fascia and
perichondrium are two of the more commonly used materials,
although artificial materials (e.g., AlloDerm; LifeCell Corpora-
tion, Branchburg, NJ) are sometimes used in repeat procedures.
Nitrous oxide should be avoided.

Tracheostomy
A tracheostomy creates a surgical airway in the cervical trachea,
usually with the intent to place a tracheostomy tube (Fig. 114.1).
The procedure is most commonly carried out in patients who
could not be weaned off a ventilator, although it is also used for
trauma patients, patients who have experienced severe neuro-
logic injury, and patients with head and neck cancers. Although
the procedure is often carried out between the second and third
tracheal rings, in dire emergencies it is sometimes carried out
through themore easily entered but higher positioned cricothy-
roid membrane (cricothyrotomy).

Some key points to note are as follows:
After the trachea is secured with an ETT, the trachea and the
hypopharynx are suctioned, the patient is ventilated with
100% oxygen, and the surgeon dissects down to the trachea.
Care must be taken to avoid the use of cautery while 100%
oxygen is being administered to prevent an airway fire. The

Figure 114.1. Tracheostomy tube assembly. Courtesy Klaus D. Peter, Wiehl,
Germany.

702



Chapter 114 – Common Otolaryngology Procedures

Figure 114.2. Harvesting of a free flap from the upper extremity in a head
and neck cancer operation.

ETT cuff is temporarily deflated before the surgeon cuts
between the tracheal rings with the scalpel, to avoid cuff
perforation. After the tracheal wall is transected and the
tracheostomy tube is ready to be placed, the cuff is deflated
and the ETT withdrawn until the tip is just cephalad to the
incision while the cuff remains distal to the vocal cords.
At this point, the breathing circuit is disconnected from the
ETT and handed over to the surgeon, using utmost caution
to keep the ETT firmly in place. Only after placement of the
tracheostomy tube is confirmed through capnography,
chest-rise, and auscultation is the ETT cuff finally deflated
and the ETT removed. A reinforced tracheal tube or
laryngectomy tube may be temporarily placed when the
tracheostomy is part of a cancer operation; otherwise, a
regular tracheostomy tube is used (Fig. 114.2).

Possible complications include bleeding (e.g., from a divided
thyroid isthmus or other nearby vessels), pneumothorax, sub-
cutaneous emphysema, and tube obstruction from impinge-
ment on the posterior tracheal wall, blood clot, or mucus
plugging. Inadvertent early decannulation and subsequent diffi-
culty in correctly replacing the tube carry significant mortality.
Late complications include tracheal stenosis, tracheoesophageal
fistula, and tracheal necrosis.Massive hemorrhage from erosion
of the innominate artery can also occur, and is often fatal.

Some individuals favor using a percutaneous tracheostomy
technique (e.g., Ciaglia Blue Rhino kit; Cook Medical, Bloom-
ington, IN), especially in some surgical intensive care unit
(ICU) wards. In experienced hands this may be a safe and effec-
tive alternative to traditional surgical techniques. Regardless of
the technique used, it should be emphasized that changing a
tracheostomy tube following a fresh tracheostomy is especially
perilous as the new tube may enter a false passage. Thus, if
a fresh tracheostomy tube is inadvertently removed, a direct
laryngoscopy and intubation with an ETT may be necessary to
salvage the airway.

For the first 5 to 10 days postoperatively, all tube changes
should ideally be carried out in the operating room. After the
surgical site has had time to mature, it is no longer necessary
to carry out tube changes in an operating room, but a full set
of tracheostomy instruments (especially cricoid hooks) should
still be available. Changing the tube using a tube exchanger or
using an FOB to confirm tracheal placement of a tracheostomy
tube prior to attempting positive pressure ventilation may also
be useful. Finally, patients should be preoxygenated with 100%
oxygen prior to the tube change.

Head and neck cancer surgery, laryngeal
surgery, and endoscopy
General considerations
Integrity of the airway is a key concern when evaluating any
patient with a neoplastic growth in the head and neck region.
Many tumors may enlarge considerably without causing air-
way compromise, whereas others, due to their location, may
lead to problems, such as stridor and aspiration. Highly vascu-
lar tumors can hemorrhage withminimalmanipulation. Radia-
tion therapymay cause fibrosis of the temporomandibular joint
(TMJ) and other structures, adding to difficulty with mouth
opening or making it difficult to identify anatomic structures
during laryngoscopy.

Surgical treatment of head and neck cancer can include such
diverse procedures as laryngectomy, pharyngectomy, hemi-
mandibulectomy, parotidectomy, or radical neck dissection.
Because of the extensive nature of these operations and possible
complicated postoperative sequelae, most of these patients will
have been extensively evaluated prior to presenting for surgery.
This patient population tends to be elderly and have various
comorbidities, such as hypertension, cardiovascular disease,
chronic obstructive pulmonary disease (COPD) from chronic
smoking, and heavy alcohol use. Chronic malnutrition, dehy-
dration, andweight loss are also common.The patient’s medical
history and the anticipated extent and duration of surgery will
influence choices of inhalational, opioid, and paralytic agents.

Large-bore IV access is appropriate formost cases. A central
venous catheter may also be appropriate if existing IV access is
suboptimal. Arterial cannulation for closermonitoring of blood
pressure or for frequent blood sampling may be indicated in
patients with significant cardiovascular, pulmonary, hepatic, or
endocrine disease or in surgeries during which there is a pos-
sibility of substantial blood loss or when carotid manipulation
may lead to cardiac rhythm disturbances or variations in blood
pressure. Manipulation of carotid bodies, sinuses, and the stel-
late ganglion during radical neck dissection may cause wide
swings in blood pressure, arrhythmias, QT abnormalities in the
electrocardiogram, and even sinus arrest. In such cases the sur-
geon must be immediately notified and the procedure must be
paused. Infiltration of the carotid sheath with local anesthetic
usually produces resolution of these side effects. The denerva-
tion of carotid bodies and sinuses, especially in bilateral neck
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dissection, may result in wide blood pressure variation (hyper-
tension or hypotension) in the postoperative period. Hypoxic
drive may be affected as well. The postoperative course may
require a stay in the ICU, and the patient is sometimes left intu-
bated due to laryngeal and pharyngeal edema following surgical
manipulation.

Radical neck dissection or parotidectomy requires careful
surgical dissection of tissues to preserve peripheral nerves, such
as the facial and the spinal accessory. Consequently, the anes-
thesiologist is often asked to withhold neuromuscular blockade
after the initial intubating dose. Intubation of trachea may be
carried out with succinylcholine or other short-acting agents,
after which it is important to document return of neuromuscu-
lar function.Theplanned anesthetic would entail a deeper plane
of anesthesia, with the inhalational agents often supplemented
by a remifentanil infusion to ensure absence of motor response
to surgical stimuli.

In head and neck cases involving free flaps harvested from
upper or lower extremities, special attention should be directed
at providing adequate flap perfusion.There is substantial uncer-
tainty on how to best achieve this goal. The use of vasopressors,
such as phenylephrine, has been questioned because they elicit
vasoconstriction. In animal experiments, however, flap blood
flow was not altered when phenylephrine was given at low or
moderate doses. Maintaining mean arterial pressure solely by
means of large amounts of fluid administration can increase tis-
sue edema, jeopardize the integrity of the anastomosis, and ulti-
mately impair tissue oxygenation. Maintaining normothermia
and modulating the perioperative inflammation might offer
additional means to optimize surgical outcome. Close commu-
nication with the surgical team will help to provide appropriate
care for every individual case.

Whether a hematocrit at or around 30 provides optimized
rheologic properties within the capillaries remains unclear.The
negative impact of the transfusion of stored allogenic red blood
cells might mitigate this presumed effect.

Airway management
General anesthesia with endotracheal intubation is most com-
monly used. Distortion of the oropharynx from tumor or
tumor-related respiratory compromise may necessitate secur-
ing the airway by awake fiber-optic intubation or even awake
tracheotomy. Upper airway tissues may be friable following
radiation and may be prone to bleeding upon manipulation.
Alternatively, radiation therapy may lead to tissue fibrosis or
spondylosis of the TMJ, resulting in reduced mouth opening.

In cases where there are serious airway concerns, the sur-
geon should be present in the operating room during induction
should emergent cricothyrotomy or tracheostomy become nec-
essary. An inhalation induction with sevoflurane with the goal
of maintaining spontaneous ventilation is sometimes a useful
alternative to an IV induction or awake intubation.

If an awake fiber-optic intubation is chosen because of
significant airway compromise, the oropharynx should be

Figure 114.3. An oral RAE ETT. Image used with permission from Nellcor
Puritan Bennett LLC, Boulder, Colorado, part of Covidien.

topicalized with lidocaine or benzocaine. In addition, some
practitioners will sedate the patient with midazolam, fentanyl,
or dexmedetomidine.

As noted earlier, some head and neck procedures, depend-
ing on intraoperative requirements and postoperative airway
logistics, will require a tracheostomy. If so, the tracheostomy is
usually done following the induction of anesthesia, either at the
beginning or the end of the main procedure itself. RAE ETTs
are popular in ENT surgery as they are designed for secure fix-
ation and easy access.They are available in oral (Fig. 114.3) and
nasal (Fig. 114.4) styles.

Airwaymanagement issues also arise in laryngoscopy, bron-
choscopy, esophagoscopy, and phonosurgery procedures. In
head and neck cancer, the first three of these procedures
are often carried out in a single session. Intubation is usu-
ally accomplished with a small diameter (5.0–6.0 mm) ETT.
Another option is to use a microlaryngeal type ETT (MLT).

Figure 114.4. A nasal RAE ETT. Image used with permission from Nellcor
Puritan Bennett LLC, Boulder, Colorado, part of Covidien.
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These ETTs have a narrow shaft (e.g., 4, 5, or 6 mm ID) but
are the same length as the adult tube and have a large, high-
volume, low-pressure cuff. Naturally, they offer higher resis-
tance to breathing than a regular ETT, and ventilating pressures
may need to be higher for a given tidal volume. Phonosurgery
involves surgery to the vocal cords and related structures and
can be done under sedation to allow the patient to phonate,
although it is also commonly done under general anesthesia
with an MLT in place.

A mixture of helium and oxygen (heliox) is sometimes
used to substantially decrease the pressures needed to ventilate
patients with small-diameter endotracheal tubes. Commonly
used mixtures include 80%/20% or 70%/30% helium to oxygen.
Heliox also offers a potential advantage in patient upper airway
obstruction resulting from edema, tumors, or foreign objects.
It is the low density of helium that allows it to be useful in such
cases.

In some ENT procedures, jet ventilation is used in con-
junction with total intravenous anesthesia (TIVA). Typically,
the surgeon inserts a special laryngoscope (e.g., Dedo; KARL
STORZ Endoscopy-America, Inc., El Segundo, CA) to which
a jet ventilation attachment is placed. The patient is ventilated
intermittently with bursts of 100% oxygen at 10 to 40 PSI, with
special attention to watching the chest rise and fall. (Recall
that 1 PSI = 51.71 mm Hg.) Jet ventilation should be done
only when the vocal cords are visible through the laryngoscope;
consequently, continuous communication with the surgeon is
essential. Because barotrauma resulting in pneumothorax is a
potential complication, theminimum effective driving pressure
should be chosen.

An apneic oxygenation technique can also be used for some
short endoscopic procedures, such as tracheal dilatation pro-
cedures for tracheal stenosis. The patient is ventilated by mask
(or via an ETT) until oxygenation is maximal. The mask is
then removed and the surgery performed under apnea until
the arterial saturation decreases, and ventilation must again be
started.

Nasal and sinus surgery
Common procedures include septoplasty, polypectomy, endo-
scopic sinus surgery, and maxillary sinusotomy (Caldwell–Luc
procedure).Most of these procedures are performed under gen-
eral anesthesia. These procedures, however, can be tolerated
with sedation and local anesthesia in a cooperative patient.
Preoperatively, patients should be asked about possible signs
of OSA, recent infections, and antibiotic, antihistamine, or
aspirin use.

Patients should be assessed for audible or mouth breath-
ing, diminished speech quality, inspiratory stridor, expiratory
wheezes, or a prolonged expiration, which may signal partial
airway obstruction. Nasal polyps can be associated with allergic
disorders and reactive airway disease, such as asthma, or with
cystic fibrosis. Aspirin or nonsteroidal anti-inflammatory drug
use in association with nasal polyps is of a particular concern.

Premedicationmay include an antisialogogue, an anxiolytic,
and/or antiemetic prophylaxis. Anesthetic induction should
always take into account the possibility of existing partial air-
way obstruction.

Many surgeons like to treat the nose with cotton-tipped
pledgets soakedwith local anesthetic (e.g., cocaine 4%or 10% to
amaximumdose of 3mg/kg), thereby blocking the sphenopala-
tine and anterior ethmoidal nerves that provide sensation to the
nasal septum and lateral walls. This anesthetic also shrinks the
nasal mucosa and reduces blood loss. Intranasal cocaine must
be used cautiously in patients with hypertension or with a his-
tory of coronary artery disease. Many surgeons also prefer the
use of RAE style or reinforced type ETTs. A posterior pharyn-
geal pack is sometimes used to help prevent blood from trick-
ling down to the trachea. Special care must be taken to tape the
patient’s eyes because of the proximity of the surgical equipment
to the face. These cases are often conducted with the assistance
of special surgical navigation equipment.

Coughing, bucking, or straining at the time of extubation
can cause increased vascular pressure, thereby risking postop-
erative bleeding. It is desirable to carry out extubation in as
smooth a manner as possible, with the patient having regained
consciousness and airway protection reflexes. Smooth extuba-
tion is sometimes facilitated using small doses of remifentanil to
blunt the patient’s reaction to awakening with the ETT in place.

Some anesthesiologists like to employ “deep extubation”:
The trachea is extubated after establishing spontaneous respi-
ration but before the return of airway reflexes, while the patient
is still in a deep plane of anesthesia. This technique is consid-
ered to be hazardous by some practitioners because it places the
patient at risk for laryngospasm as well as aspiration of gastric
contents or bloody secretions. This option may be less attrac-
tive for patients who are at high risk for aspiration or who have
a history of a difficult intubation. Care must be taken to assist
the patient’s respiration until all airway reflexes return and full
consciousness is regained.

Obstructive sleep apnea
OSA disorder is characterized by the obstruction of the airway
during sleep by the oropharyngeal soft tissue. Both anatomic
factors (e.g., redundant folds of oropharyngeal tissue, tonsil-
lar hypertrophy, macroglossia, or anomalous positioning of
the maxilla and mandible) and neuromuscular factors (e.g.,
reduced oropharyngeal muscle tone with reduced ventilatory
motor output to upper airway muscles during sleep) may be
contributing factors. If undetected, OSA can lead to serious
health problems and result in important perioperative compli-
cations. Patients with OSA may complain of snoring, daytime
sleepiness, repeated morning headaches, intellectual impair-
ment, and other symptoms. OSA is also associated with obesity.

The perioperative concerns in patients with OSA are pri-
marily respiratory in nature, and include airway obstruc-
tion, the potential for difficult intubation, and an increased
sensitivity to opioids. In addition, potential nonrespiratory
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concerns include a link between OSA and heart failure, ven-
tricular hypertrophy (right-sidedfirst, then left-sided), systemic
and pulmonary hypertension, cardiac rhythm disturbances,
and vascular disease.

Physiologically, the patency of the upper airway during
inspiration requires active muscle tone. When this tone is
reduced as a result of sleep, neuromuscular disease, anesthesia,
or residual neuromuscular blockade, upper airway obstruction
may occur. The velopharynx, a particularly narrow segment
of the upper airway, is especially predisposed to obstruction
in such settings. Obese patients with large necks often have a
more collapsible velopharynx that predisposes to upper airway
obstruction. Not surprisingly, OSA apnea events are associated
with intermittent hypoxemia, and a potential long-term conse-
quence is pulmonary hypertension and cor pulmonale due to
pulmonary vasoconstriction. Heart failure and other complica-
tions may follow.

Polysomnography, usually involving an overnight sleep
study, is required to formally diagnose OSA. The study is usu-
ally performed in a specialized sleep center, where numer-
ous body functions are monitored and scored (e.g., respiratory
pattern, pulse oximetry, electroencephalogram [EEG], elec-
trooculogram [EOG], and chin electromyogram [EMG]). In
the absence of polysomnography, some specific clinical findings
may be helpful in identifying potential OSA patients. In partic-
ular, the ASA has recently published guidelines for the periop-
erative care of OSA patients.

It has been established that the presence of OSAmay lead to
difficulties in tracheal intubation. Although this does not imply
that awake intubation is necessary in OSA patients, clinicians
should have immediately available various alternate means to
secure the airway should difficulties with intubation be encoun-
tered using conventional equipment.

A number of ENT procedures are sometimes used to treat
OSA. These may include a uvulopalatopharyngoplasty (UPPP)
procedure, tonsillectomy, hyoid myotomy surgery, or other
surgical interventions. Postoperative complications such as
hypoxemia, hypercapnia, delirium, unplanned ICU days, rein-
tubation, and cardiac events occur disproportionately. It should
also be noted that there is a propensity for sedatives to increase
the frequency of sleep-related apneic episodes in OSA patients.
Although this problem is often highlighted from the perspec-
tive of postoperative opioid administration, it should be noted
that agents such as benzodiazepines and barbiturates increase
the chance of upper airway obstruction by decreasing upper air-
way muscle tone. In any event, the lowest effective dose of anal-
gesic or sedating drugs should be used, with antagonists such as
naloxone and flumazenil being readily available.

Experts surveyed to develop the ASA Practice Guidelines for
the Perioperative Management of Patients with Obstructive Sleep
Apnea suggested that OSA patients be monitored for (a median
of) three hours longer than their non-OSA counterparts before
discharge from an outpatient facility. In addition, monitor-
ing should continue for (a median of) 7 hours after the last
episode of airway obstruction or hypoxemia while the patient is

breathing room air in a quiet, unstimulated environment. It
is also important that the patient’s postdischarge instructions
emphasize the continued use of home continuous positive air-
way pressure (CPAP) in patients who use CPAP preoperatively.

Special situations
Laryngospasm
Laryngospasm is a reflex involving spasm of the glottic mus-
culature. It is triggered to protect the upper airway from
exposure to foreign material. Laryngospasm is associated with
light anesthesia, is caused by blood or secretions irritating the
vocal cords, and may occur after septoplasty and rhinoplasty
surgery. This form of airway obstruction is common in chil-
dren and can occasionally result in profound hypoxia. Although
laryngospasm can often be broken using a sustained positive
pressure breath or by increasing the depth of anesthesia with
propofol or an inhalational agent, muscle relaxation (e.g., suc-
cinylcholine 10–20 mg IV) is sometimes needed to break the
spasm. Attempts by the patient to breathe in against the glottic
obstruction may occasionally produce “negative-pressure” pul-
monary edema.

Retropharyngeal abscess
Retropharyngeal abscess formation may occur from a bacterial
infection of the retropharyngeal space, which usually results
from tonsillar or dental infections. If untreated, the posterior
pharyngeal wall may advance anteriorly into the oropharynx,
resulting in dyspnea, painful swallowing, trismus, and (even-
tually) airway obstruction. As abscess rupture can lead to tra-
cheal soiling, contact with the abscess during laryngoscopy and
intubation should be minimized. Incision and drainage is the
usual treatment, and a temporary tracheostomy is sometimes
required.

Ludwig’s angina
Ludwig’s angina is an infection of the floor of the mouth. The
tongue may become elevated and displaced posteriorly, with a
resulting concern about loss of the airway. Awake fiber-optic
intubation or awake tracheotomy are commonly used to secure
the airway in this condition.

Using supraglottic airways
Although the use of an ETT remains customary in most ENT
cases, it should be emphasized that there exist a number of
reports on the use of supraglottic airways, such as the laryn-
geal mask airway (LMA), during ENT cases. One advantage of
using LMAs and other supraglottic airways is that they can be
inserted blindly without the need for paralysis, making them
helpful in many cases of difficult intubation. After securing
the airway with the LMA, an FOB jacketed with an Aintree
intubation catheter (Cook Medical) can be passed through the
LMA when there is a need to intubate the trachea. Alternately,
one can use supraglottic airways, such as the LMA FastTrac
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(The Laryngeal Mask Company, Limited, San Diego, CA),
which is specifically designed to aid in tracheal intubation.

Supraglottic airway devices are not only used to facilitate
intubation, but can also be used as an alternative to ETTs in
some ENT cases. For instance, Webster and colleagues com-
pared use of the flexible reinforced LMA for intranasal surgery
to use of an ETT and found that the LMA provided safe con-
ditions with smoother emergence from anesthesia. Use of the
flexible reinforced LMA for tonsillectomy procedures has also
been reported, and remains popular in some centers.

Suggested readings
ASA practice guidelines for management of the difficult airway.

Available at: http://www.asahq.org/publicationsAndServices/
Difficult%20Airway.pdf.

ASA standards for basic anesthetic monitoring. Available at: http://
www.asahq.org/publicationsAndServices/standards/02.pdf.

ASA practice advisory for intraoperative awareness and brain
function monitoring. Available at: http://www.asahq.org/
publicationsAndServices/AwareAdvisoryFinalOct05.pdf.

Gan TJ, Meyer T, Apfel CC, et al. Consensus guidelines for managing
postoperative nausea and vomiting. Anesth Analg 2003;
97(1):62–71.

Gross JB, Bachenberg KL, Benumof JL, et al. American Society of
Anesthesiologists Task Force on Perioperative Management.
Practice guidelines for the perioperative management of patients
with obstructive sleep apnea: a report by the American Society of
Anesthesiologists Task Force on Perioperative Management of
patients with obstructive sleep apnea. Anesthesiology 2006;
104(5):1081–1093; quiz 1117–1118.

Martin JT. Positioning in Anesthesia and Surgery. 2nd ed.
Philadelphia: W.B. Saunders; 1987.

Webster AC, Morley-Forster PK, Janzen V, et al. Anesthesia for
intranasal surgery: a comparison between tracheal intubation and
the flexible reinforced laryngeal mask airway. Anesth Analg 1999;
88:421–425.
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Chapter

115 Lasers, airway surgery, and operating room fires
Alvaro A. Macias, Naila Moghul, and D. John Doyle

Laser surgery
It has been several decades since lasers were first intro-
duced into clinical practice (LASER = Light Amplification by
Stimulated Emission of Radiation). Since that time, the laser
has become an important tool for surgeons in many special-
ties, but especially for the ENT surgeon performing laryngeal
or tracheobronchial surgery. The use of lasers allows surgeons
to concentrate high levels of energy onto a small area, allow-
ing for precise resection of tissue and with the added advantage
of providing excellent hemostasis. Different laser types with
differing energy properties produce different effects on tissue
(Fig. 115.1). With the advent of laser surgery, however, the risk
of airway fires as well as fires at other surgical locations has
become an important safety issue.

A number of laser technologies are in clinical use. The car-
bon dioxide (CO2) laser produces a long-wavelength (10,600
nm) infrared beam that causes instantaneous vaporization of
tissue following energy absorption and subsequent internal
boiling of the water in cells. Because the beam is not directly
visible, a low-energy red targeting laser usually accompanies
the beam. In addition, the beam cannot be transmitted via a
fiber-optic bundle, a requirement for use in conjunction with
a flexible fiber-optic bronchoscope. The CO2 laser can be used
either as a precision cutting instrument or as a tissue vaporizer,
depending on the extent to which the beam is focused.

Other popular lasers for clinical use are the Nd-Yag
(neodynium-yttrium aluminum garnet) laser, with a beam in
the near infrared region at a wavelength of 1064 nm; the
KTP-Nd-Yag laser, green colored at a 532-nm wavelength; and
the argon laser. All these have beams that can be transmitted
fiberoptically. Associated with each laser type is special pro-
tective eyewear (goggles) designed to absorb electromagnetic
radiation at the wavelength of the laser in use. For example,
goggles absorbing radiation at a 532-nm wavelength typically
have an orange appearance and would be ineffective in protect-
ing against a laser emitting energy at 1064 nm (Fig. 115.2). CO2
laser protection eyewear consists of clear glass or plastic lenses
that are opaque to far infrared wavelengths. KTP laser pro-
tection eyewear distorts color perception significantly in con-
trast to CO2 or Nd-Yag laser protection lenses. Glass lenses
in general are heavier and more expensive, but provide better
protection (higher optical density) and visibility. Note that the

energy of the photons making up a laser beam depend on their
wavelength; shorter-wavelength photons (toward the ultraviolet
region) have more energy than do longer-wavelength photons
(toward the infrared region).

A misdirected laser beam can injure both the patient and
the caregiver. Ocular injuries are a special concern, as CO2
lasers can cause corneal injuries whereas Nd-Yag lasers place
the retina at risk. Consequently, the eyes of the patient are
protected by taping the eyelids and then applying wet dress-
ings on top, while caregivers wear protective goggles. In addi-
tion, laser warning signs should be placed on the outside of
any doors leading to the operating room. It should also be
emphasized that misdirected laser beams can ignite surgical
drapes and othermaterials. AmericanNational Standards Insti-
tute (ANSI) standard Z136.3 (Safe Use of Lasers in Health
Care Facilities) provides additional information on this and
relatedmatters. EN 207 is the European standard for laser safety
eyewear.

Anesthesia providers should also be aware that when a laser
beam hits tissue, a plume of smoke containing fine particu-
lates is often produced. Because thismaterial hasmutagenic and

Figure 115.1. Different wavelengths of laser light cause different patterns of
tissue destruction. The destructive effect of laser light on tissue depends on
laser parameters and tissue factors.
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Figure 115.2. Example of three types of laser safety eyewear. Source:
ttp://en.wikipedia.org/wiki/Image:Laser_goggles.jpg. Reproduced with
permission.

teratogenic potential, ormay serve as a vector for viral infection,
inhalation of the smoke is best avoided by using a smoke evac-
uator (Fig. 115.3).

Laser-resistant endotracheal tubes
The risk of an airway fire during ENT laser surgery in an
oxygen-enriched environment can be reduced by using spe-
cially designed laser-resistant ETTs that are less likely to ignite
when exposed to intense heat. The traditional polyvinyl chlo-
ride tubes, as well as red rubber and silicone tubes, are com-
bustible and potentially toxic. Whereas in earlier years such
tubes were often fashioned on the spot using commercially
available metallic tape wrapped in a spiral manner to protect
standard ETTs, a number of specialized ETTs are now available,
such as the Lasertubus tube (Teleflex, Durhan, NC). Another
example is the Laser-Flex tube (Cardinal Health, Dublin, OH)

(Fig. 115.4). Only metal ETTs, however, will not ignite when
struck by a laser.

Vocal cord polyps and cysts
Vocal cord polyps and cysts can occur in a variety of shapes and
sizes but typically occur only on one side. Depending on the
characteristics of the lesion, its effects can range from merely
causing a voice disturbance to complete airway obstruction. In
some cases, awake intubation is the most prudent course. Laser
evaporation of these lesions is commonly done, although other
techniques are available. A suspension laryngoscope is usually
used to expose the glottis.

Frequently a laser-resistant ETT is employed, although
some surgeons prefer to avoid using an ETT entirely; in the
later case, jet ventilation in conjunction with a total intravenous
anesthetic (TIVA) with propofol and remifentanil infusions is
useful. The pharmacologic effects of the remifentanil will help
to counter the hemodynamic effects (hypertension and tachy-
cardia) from the suspension laryngoscopy. Muscle relaxation is
usually achievedusing rocuroniumand aneuromuscular block-
ade monitor to guide administration. In addition, IV dexa-
methasone is sometimes given to help reduce glottic edema.

Airway fires
An airway fire is a potentially deadly complication that may
occur during tracheotomy surgery, laser surgery, or a number of
other procedures. Several principles apply to reduce the chance
of fires in such settings.

� The surgeon should never enter the trachea by using
electrocautery.

Figure 115.3. Concerns that infectious human
papilloma virus (HPV) may be present in the plume
of laser-treated recurrent respiratory papillomatosis
have led some clinicians to use battery-operated
air-purifying hoods, such as those shown here.
Such systems typically include a blower, battery,
headpiece, and breathing tube, creating a decidedly
eerie effect.
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Figure 115.4. Laser-Flex laser-resistant ETT from
Cardinal Health. Note the special double cuff
arrangement. Some clinicians like to fill the cuffs
with dilute methylene blue; in this way, an ETT
cuff rupture from a misdirected laser beam can be
readily detected.

� The anesthesiologist must maintain special vigilance at the
moment of entry into the trachea.

� The anesthesiologist should keep the FiO2 used to the
minimum needed when a significant potential for an
airway fire is present.

� Nitrous oxide should not be used during airway surgery,
because it supports combustion just like oxygen.

As an example of an airway fire, consider the case described by
Chee and Benumof:

A 28-yr-old, 100-kg man was scheduled for elective tracheostomy. The
patient’s lungs had been ventilated in the intensive care unit for 35 days after
emergency craniotomy for a closed head injury. During the course of inten-
sive care unit stay the patient remained comatose and adult respiratory dis-
tress syndrome developed, which was now resolving.The airway evaluation
revealed an in situ 8.0-mm ID polyvinylchloride ETT, swollen lips, an ede-
matous tongue protruding out of the mouth and an oropharynx filled with
secretions.

General anesthesia was induced with 300 mg intravenous propofol and
maintained with 0.4% inspired isoflurane and a 35% oxygen/air mixture.
The vital signs remained stable within 10% of the baseline values. Electro-
cautery was used for coagulation by the surgeons.The patient was adminis-
tered 100% oxygen immediately before insertion of the tracheostomy tube.
Suddenly, the surgeons reported a blue flame shooting up vertically from
the patient’s neck.The breathing circuit was disconnected immediately from
the ETT; 20 ml saline, 0.9%, was flushed into the ETT.The fire extinguished
promptly.

This case illustrates the kind of situation for which anesthesiol-
ogists should always be prepared: a fire in the operating room.
Operating room fires are best divided into airway fires and
non-airway fires. A recent report by the American Society of

Anesthesiologists provides specific guidance for both these sce-
narios (Fig. 115.5). In addition, Table 115.1 provides specific
guidance in the case of airway fires. Note that the prevailing
conventional wisdom, at least until recently, holds that cases of
airway fire call for immediate removal of the endotracheal tube
(ETT). Although this is a reasonable rule of thumb, it should
also be noted that there are some patients in whom removal of
the ETT would in all likelihood result in irreversible loss of the
airway.

Clinicians in such a setting face a particularly difficult
choice: leave the ETT in place and risk injury to the patient,
or remove the ETT and risk losing the airway entirely. Both

Table 115.1. Airway fire protocol

1. Prevention: Inform the surgical team working on the airway of any
situation in which high concentrations of oxygen are being used.

2. Construct an improvised fire extinguisher by filling a 60-ml syringe with
saline.

3. In the case of an airway fire:
a. Inform the surgical team and anesthesia coordinator (control desk).
b. Stop ventilation.
c. Discontinue nitrous oxide (which supports combustion) and lower

the fraction of delivered oxygen to as little as possible.
d. Remove ETT.
e. Put out the fire with your improvised fire extinguisher.

4. When the fire is extinguished:
a. Ventilate the patient with 100% oxygen via face mask (or

supraglottic airway if appropriate).
b. Assess the extent of any airway damage via

laryngoscopy/bronchoscopy.
c. Reintubate the patient if significant airway damage is found.
d. Where appropriate, arrange for admission to an intensive care unit.

Note: Removing the ETT may be inappropriate in some cases (see text).
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Avoid using ignition sources1 in proximity to an oxidizer-enriched atmosphere2

Configure surgical drapes to minimize the accumulation of oxidizers
Allow sufficient drying time for flammable skin prepping solutions
Moisten sponges and gauze when used in proximity to ignition sources

Agree upon a team plan and team roles for preventing and managing a fire
Notify the surgeon of the presence of, or an increase in, an oxidizer-enriched atmosphere
Use cuffed tracheal tubes for surgery in the airway, appropriately prepare laser-resistant tracheal tubes
Consider a tracheal tube or laryngeal mask for monitored anesthesia care (MAC) with moderate to deep
sedation and/or oxygen-dependent patients who undergo surgery of the head, neck, or face.
Before an ignition source is activated:
       Announce the intent to use an ignition source
      Reduce the oxygen concentration to the minimum required to avoid hypoxia3

      Stop the use of nitrous oxide4

Fire Management:

Early Warning Signs of Fire5

HALT PROCEDURE
Call for Evaluation

FIRE IS PRESENT

Fire is not present;
Continue procedure

IMMEDIATELY, without waiting
Remove tracheal tube
Stop the flow of all airway gases
Remove sponges and any other flammable
material from airway
Pour saline into airway

IMMEDIATELY, without waiting
Stop the flow of all airway gases
Remove drapes and all burning and
flammable materials
Extinguish burning materials by pouring
saline or other means

Fire out Fire out

If Fire is Not Extinguished on First Attempt
Use a CO2 fire extinguisher7

If fire persists: activate fire alarm, evacuate patient,
close OR door, and turn off gas supply to room

Assess patient status and devise plan for management

Re-establish ventilation
Avoid oxidizer-enriched atmosphere if
clinically appropriate
Examine tracheal tube to see if fragments may
be left behind in airway
Consider bronchoscopy

Maintain ventilation
Assess for inhalation injury if the patient is
not intubated

1   Ignition sources include but are not limited to electrosurgery or electrocautery units and lasers.
2   An oxidizer-enriched atmosphere occurs when there is any increase in oxygen concentration above room air level,
    and/or the presence of any concentration of nitrous oxide.
3    After minimizing delivered oxygen, wait a period of time (e.g., 1-3 min) before using an ignition source. For oxygen
    dependent patients, reduce supplemental oxygen delivery to the minimum required to avoid hypoxia. Monitor 
    oxygenation with pulse oximetry, and if feasible, inspired, exhaled, and/or delivered oxygen concentration.
4   After stopping the delivery of nitrous oxide, wait a period of time (e.g., 1-3 min) before using an ignition source,
5   Unexpected flash, flame, smoke or heat, unusual sounds (e.g., a “pop,” snap or “foomp”) or odors, unexpected
    movement of drapes, discoloration of drapes or breathing circuit, unexpected patient movement or complaint,
6   In this algorithm, airway fire refers to a fire in the airway or breathing circuit.
7   A CO2 fire extinguisher may be used on the patient if necessary.

YES NOIs This a High-Risk Procedure?
An ignition source will be used in proximity to an

oxidizer-enriched atmosphere

Fire
Prevention:

OPERATING ROOM FIRES ALGORITHM

AMERICAN SOCIETY
OF ANESTHESIOLOGISTS

NON-AIRWAY Fire:AIRWAY6 Fire:

CO2 = carbon dioxide. OR = operating room.

Figure 115.5. American Society of Anesthesiolo-
gists operating room fires algorithm.
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Chee and Benumoff and Ng and Hartigan provide examples
where leaving the ETT in place was probably the best strategy.
Chee and Benumoff offer the following commentary: “In cer-
tain circumstances, the benefits of leaving the ETT in may out-
weigh the risks after the airway fire is extinguished. The ETT
may still allow acceptable ventilation of the lungs with oxy-
gen, especially when the airway is edematous enough to pro-
vide a reasonable seal around the perforated cuff. In addition,
the ETT can serve as a conduit for a tube exchanger; this consid-
eration may be extremely important if the airway is difficult to
reestablish.”

Suggested readings
Caplan RA, Barker SJ, Connis RT, et al. Practice advisory for the

prevention and management of operating room fires.
Anesthesiology 2008; 108(5):786–801; quiz 971–972. Available
online at: http://www.asahq.org/publicationsAndServices/
orFiresPA.pdf.

Chee WK, Benumof JL. Airway fire during tracheostomy: extubation
may be contraindicated. Anesthesiology 1998; 89(6):1576–1578.

Ng JM, Hartigan PM. Airway fire during tracheostomy: should we
extubate? Anesthesiology 2003; 98(5):1303.

Schramm VL Jr, Matoox DE, Stool SE. Acute management of
laser-ignited intratracheal explosion. Laryngoscope 1981;
91:1417–1426.
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116 Anesthesia for common orthopedic procedures
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Introduction
Providing optimal anesthesia and perioperative care for ortho-
pedic surgery patients may be quite challenging for the anes-
thesiologist due to surgical procedure diversity and various
coexisting diseases. Most common orthopedic procedures can
be performed under regional anesthesia (in the absence of
specific contraindications), but because of discomfort in the
unanesthetized areas or long surgical duration, a combination
of regional and general anesthesia may sometimes be a better
choice than regional anesthesia alone.Many orthopedic surgery
patients are elderly and present with multiple comorbidities.
In addition, the orthopedic procedures themselves predispose
to several common complications, such as venous thromboem-
bolism, fat embolism, pneumatic tourniquet- or bone cement-
associated hemodynamic instability, and patient positioning
injuries. Finally, specific complications could also be related to
neuraxial and other regional anesthetic techniques.

General considerations
Anticoagulation
Concomitant thromboprophylaxis presents a unique challenge
when planning the optimal anesthetic, especially when neu-
raxial anesthesia is considered. Careful risk/benefit analysis is
warranted when trying to balance possible advantages of the
different regional anesthesia techniques against the odds of
potentially devastating complications (e.g., epidural or spinal
hematoma). The American Society of Regional Anesthesia and
Pain Medicine (ASRA) has published a consensus statement
addressing patient safetywhen regional anesthesia is performed
in the presence of anticoagulant or antiplatelet drugs. These
guidelines are summarized and discussed in Chapter 57.

Management of blood loss
Perioperative blood loss in orthopedic surgery can be high,
especially in joint replacements, occasionally exceeding several
liters in cases such as complex revision of total hip arthroplasty
(THA). Risks and costs associated with blood transfusion are
discussed in Chapters 67 and 68.

The term bloodless surgery refers to a series of periopera-
tive patient care measures aiming to reduce or avoid the need

for allogeneic blood transfusion. Patient assessment and opti-
mization, including accurate history and physical examina-
tion, are focused on personal and family history of bleeding
disorders and medications that may impair coagulation. Pre-
admission testing should be done in advance (e.g., 1 month)
to allow time for adequate identification, evaluation, and treat-
ment of any coagulation defect or anemia. Possible corrective
measures include the administration of iron, folate, vitaminB12,
and recombinant erythropoietin. It is important to plan the
intraoperative availability of all equipment necessary to facili-
tate blood conservation strategies (e.g., cell salvage apparatus).

Surgeons practicing careful hemostasis may help minimize
intraoperative blood loss. The use of electrocautery during
surgery, a harmonic scalpel, and local hemostatic aids may
also help reduce bleeding. Various techniques can also be used
to reduce transfusion requirements, including controlled
hypotension, acute normovolemic hemodilution, and autolo-
gous blood cell salvage.These techniques are discussed in detail
in Chapter 69.

Multiple pharmacologic agents are also used to decrease
bleeding in high-risk patients. These agents include recombi-
nant activated factor VII, the lysine analogues (ε-aminocaproic
acid and tranexamic acid) that inhibit plasmin-mediated fib-
rinolysis, and desmopressin that stimulates the endothelial
release of factor VIII and von Willebrand factor, thereby
enhancing platelet aggregation.

Tourniquets
Tourniquets are used frequently in distal extremity procedures
to reduce blood loss and provide a bloodless operating field.
They may cause systemic effects due to ischemia and reperfu-
sion, as well as local effects from the pressure applied to the
tissues. Tourniquet injury has been implicated as a main cause
for peroneal and tibial nerve palsies after total knee arthro-
plasty (TKA), ranging from mild neuropraxia to permanent
neurologic deficits.The incidence of tourniquet-induced paral-
ysis is approximately 1 in 8000 operations. Pressurization of the
tourniquet above 400 mm Hg is associated with increased risk
of transient nerve injury. A retrospective study suggests that
patients with mean total tourniquet time of 145 ± 25 minutes
have a 7.7% incidence of nerve injury, recovering completely
in 89% of the cases. This finding suggests that tourniquet time
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should not exceed 90 to 120 minutes and tourniquet pressure
should not be higher than 150 mm Hg above systolic blood
pressure. Controversially, the use of epidural analgesia has been
reported to increase the frequency and/or severity of peroneal
palsy after tourniquet use. Nevertheless, no explanation other
than local anesthetic effects masking sensory and/or motor
deficits has been postulated. Similarly, it has been suggested that
long-acting sciatic nerve block may also delay the diagnosis of
nerve injuries and should be avoided in patients at risk, such
as those with preoperative flexion contracture �20◦ or a val-
gus deformity, as well as for anticipated complex or prolonged
surgeries.

Anesthesia for hip fracture
Hip fracture refers to a femur fracture in the region immediately
distal to the articular cartilage of the femoral head to approx-
imately 5 cm below the lower border of the lesser trochanter.
An estimated 1.7 million hip fractures occurred worldwide
in 1990. In the United States, the incidence is approximately
80 per 100,000 and is increasing each year. Because the major-
ity of these cases are treated surgically, hip fracture surgery has
become one of the most commonly performed urgent ortho-
pedic procedures. There is agreement that a delay (more than
24 hours) of surgical management increases the risk of morbid-
ity and mortality.

Preoperative assessment
Most patients presenting with hip fractures are elderly, and
many of them have significant coexisting diseases, such as coro-
nary artery disease, arterial hypertension, diabetes, chronic
obstructive pulmonary disease, cerebral vascular disease,
and/or dementia, all of which may affect the choice of optimal
anesthetic andmonitoring strategies. Conditions that adversely
affect mental status, sensory perception, visual impairment,
balance, and locomotion are associated with an increased risk
of hip fracture. It is important to evaluate the cause of the frac-
ture because although approximately 90% of hip fractures in
both sexes result from a simple “mechanical” fall, sometimes
these “falls” can also be the result of syncope due to comorbidi-
ties such as dysrhythmias, severe aortic stenosis, cardiovascular
collapse, stroke, and so forth.These patients are usually volume-
depleted because of low oral intake; in addition, the intravascu-
lar volume can be compromised due to occult, but sometimes
significant, blood loss.

Another common finding in these patients is the pres-
ence of perioperative hypoxia that is usually multifactorial.
Possible etiologies include atelectasis due to long periods
of bed rest, and pulmonary congestion secondary to heart
failure, pneumonia, and rarely fat embolism. Obtaining a
thorough medical history, including a review of the toler-
ated level of preinjury physical activity and medications, as
well as a careful physical examination, are also important in
assessing the perioperative pulmonary and cardiovascular risk.
While patients await surgery, pharmacologic and mechanical

(e.g., pneumatic intermittent compression devices) thrombo-
prophylaxis is strongly indicated for every patient presenting
with hip fracture because of the high venous thrombosis risk.
Venous thrombosis–associated pulmonary embolism (PE) is
the third most common cause of death in hip fracture patients,
accounting for 18% of perioperative deaths. As discussed
earlier in this chapter, the anesthetic technique choice is influ-
enced significantly by the presence of concomitant pharmaco-
logic thromboprophylactic therapy.

Antimicrobial prophylaxis is usually used for orthopedic
surgeries, especially when foreign material is implanted. Pro-
phylactic antibiotics have lowered the incidence of superfi-
cial and deep wound infection after hip fracture surgery. Most
failures of antibiotic prophylaxis occur because of inappropri-
ate timing (antibiotic blood concentration must be near peak
at the time of surgical incision). The Surgical Infection Pre-
vention Guideline Writers Workgroup recommends that infu-
sion of the first antimicrobial dose should begin within 1 hour
before the incision. When vancomycin or a fluoroquinolone
is used, the infusion may begin 2 hours before incision. If
a proximal tourniquet is required, the entire dose should be
infused before the inflation of the tourniquet. First-generation
cephalosporins have been the agents most commonly used
in prophylaxis (e.g., cefazolin 1–2 g). Other methods used
to decrease surgical site infection include ultraviolet lights
over the field (which require patient and provider skin and
cornea protection) or positive pressure laminar flow ventilation
systems.

Laboratory testing
Complete blood count, electrolytes, blood urea nitrogen and
creatinine values, electrocardiogram, and chest radiography are
obtained per standard preoperative protocol. Arterial blood
gas analysis may be considered in patients with a history of
severe pulmonary disorders or clinical manifestations of fat
embolism syndrome. Preoperative cardiac evaluation should
be performed in patients with known heart disease, multiple
risk factors, and in cases where the mechanism of injury sug-
gests a cardiac event. The American College of Cardiology/
American Heart Association (ACC/AHA) guidelines for peri-
operative cardiovascular evaluation for noncardiac surgery
should be followed to stratify the risk in these patients.

Anesthetic management
No consensus exists regarding the best anesthetic technique for
hip fracture. Because of insufficient evidence from randomized
trials comparing regional versus general anesthesia, clinically
important long-term outcomes cannot be confirmed. Differ-
ences in protocol and small sample size of many studies limit
the validity and power of the conclusions to be drawn. Epidural
anesthesia is associated with less acute postoperative confusion,
but no definite conclusions can be obtained regarding mortal-
ity or other life-threatening postoperative complications, such
as PE, myocardial infarction, or pneumonia. Based on existing
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evidence, epidural analgesia may be superior to systemic opi-
oid analgesia during the first 4 to 6 hours of the postopera-
tive period, but the difference is no longer significant at 18 or
24 hours. To obtain good analgesia and anesthesia of the hip,
it is necessary to block the T10 to S2 dermatomes (preferably
extending to T8), easily accomplished with spinal or epidural
anesthesia. When spinal anesthesia is planned, hypobaric local
anesthetic solution might offer some advantages because it per-
mits placing the patient in the lateral decubitus position over
the nonfractured side and thus avoids repositioning after the
blockade. Isobaric solutions also reliably block the operative
side irrespective of patient position. Alternatively, hyperbaric
spinal anesthesia is easier to be influenced by position change.
The brief repositioning to supine, necessary to obtain adequate
anesthesia coverage, is usually used for bladder catheter place-
ment. Somehip fracture operations (transfemoral nail, dynamic
hip screw, hip “pinning”) are also performed with the patient in
the supine position on a traction table.

In addition to standard intraoperative monitoring, arterial
pressure monitoring should be considered in patients with a
high risk of coronary events or with poorly controlled hyper-
tension. Significant blood loss and potential hemodynamic
instability should be anticipated, especially with hip hemi-
arthroplasty and THA. Large-bore intravenous lines are recom-
mended in preparation for blood transfusion and rapid fluid
resuscitation. Patients with hip fracture are at an increased
risk for perioperative pulmonary thromboembolism, as well
as fat (Table 116.1), air, or methyl methacrylate monomer
embolism, resulting in right heart strain, acute ventilation–
perfusionmismatch, and decreased oxygen saturation.The pre-
sentation may vary, ranging from subclinical to a catastrophe
presenting as sudden cardiac arrest, resistant to resuscitation
and often necessitating open heart surgical embolectomy. Early
transesophageal echocardiography may be useful to confirm or
support the diagnosis, and guide the treatment.

Anesthesia for hip arthroplasty
THA is a common orthopedic procedure. In 2002, approxi-
mately 343,000 patients underwent 345,000 hip replacement

Table 116.1. Diagnostic criteria for fat embolism (Two major or one
major and four minor criteria are necessary for diagnosis.)

Major criteria Minor criteria

Petechial rash Fever
Cerebral involvement Tachycardia (>120 bpm)
Respiratory distress Retinal changes (fat or petechiae)
Arterial blood gas abnormalities
PaO2 < 60 mm Hg breathing room air
PaCO2 > 55 or a pH < 7.3

Renal changes
Jaundice
Fat macroglobulinemia
Hemolytic anemia (a drop of

more than 20% of the
admission hemoglobin value)

Adapted from Gurd AR, Wilson RI. The fat embolism syndrome. J Bone Joint
Surg Br 1974; 56B:408–416.

procedures in the United States. Most of these patients suffered
from osteoarthritis, rheumatoid arthritis (RA), congenital dis-
location, or aseptic/avascular necrosis of the hip.

Preoperative assessment
This group of patients usually presents with limited func-
tional capacity resulting fromdecreased jointmobility andpain,
which potentially masks underlying coronary artery disease
and pulmonary dysfunction. These patients should undergo a
careful preoperative evaluation to assess their cardiovascular
status. RA affects multiple organs, and these patients need to be
carefully evaluated prior to surgery (see Chapter 118). Airway
management can be difficult and may require awake fiber-optic
intubation. If the patient is taking glucocorticoids, a “stress
dose” should be given to avoid acute adrenal insufficiency.
Moderate to large blood loss, necessitating blood transfusion,
is common; therefore, availability of autologous and/or cross-
matched homologous blood should be ensured. Thrombopro-
phylaxis and antibiotic prophylaxis recommendations used in
hip fracture surgery apply to THA surgery as well.

Laboratory testing
Similar tests as for hip fracture should be obtained. Addition-
ally, dynamic flexion and extension cervical spine radiographs
are recommended in patients with RA, as up to 50% have
radiographic evidence of cervical spine subluxation. When the
atlantoaxial subluxation exceeds 5 mm, neck stabilization and
awake fiber-optic intubation reduce the trauma associated with
airway management.

Anesthetic management
Patients undergoing THA pose challenges to the anesthesiol-
ogist similar to those in patients with hip fracture, such as
hemodynamic instability, transfusion requirements, deep vein
thrombosis (DVT), or PE (including fat or cement embolism).
THA is usually performed with the patient in a lateral decubi-
tus position. The patient’s head must be positioned on the side
and the cervical spine aligned with the rest of the body. The
dependent arm is resting on a padded arm board; an axillary
roll should be positioned just caudal to the axilla to relieve pres-
sure on the shoulder and prevent compression of the brachial
plexus and vascular structures. The upper arm should be sup-
ported on a padded overarm rest. It is important to protect all
pressure points in the lower extremities (e.g., inner legs, depen-
dent greater trochanter) to prevent traction or pressure injuries
of nerves and skin surfaces. Standard intraoperativemonitoring
must be used, and invasive arterial blood pressure monitoring
should be considered if the patient’s comorbidities warrant it, if
a hypotensive anesthesia technique is planned, or if the proce-
dure is a revision THA. Large-bore intravenous access for rapid
fluid resuscitation and/or blood transfusion is recommended.

Despite the frequency of THA surgery, debates con-
tinue regarding which anesthetic technique is best. A recent
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meta-analysis comparing central neuraxial blockade and gen-
eral anesthesia for elective THA showed statistically significant
reductions in the intraoperative blood loss and the number of
patients requiring blood transfusionswith neuraxial anesthesia.
Decreased mean arterial pressure, redistribution of blood flow,
and locally reduced venous pressure could all be responsible
for this favorable effect. Evidence also suggests that neuraxial
blockade might diminish the incidence of DVT when pharma-
cologic prophylaxis is not used; however, it is not clear if these
beneficial effects are still present with the improved pharmaco-
logic DVT prophylaxis today.

Various regional anesthetic techniques have been used for
THA. Central neuraxial blockade provides excellent surgical
anesthesia. Spinal anesthesia provides rapid and intense anes-
thesia, with drugs such as bupivacaine and tetracaine providing
long surgical block and extended analgesia. When larger doses
(particularly of hyperbaric local anesthetic) and higher sensory
levels are obtained, deliberate hypotension can be achieved,
providing hypotensive anesthesia. Combined spinal–epidural
anesthesia offers both the rapid onset and solid block of spinal
anesthesia and the extended postoperative analgesia via an
epidural catheter.

Lumbar plexus block (single-dose or continuous) is another
option. This block can be performed by using different
approaches, but the lumbar paravertebral or psoas compart-
ment block is the most reliable in blocking all major lumbar
plexus branches (femoral, lateral femoral cutaneous, and obtu-
rator nerves). When used for postoperative analgesia after hip
replacement surgery, continuous psoas compartment block has
shown efficacy similar to epidural analgesia.This technique can
be quite challenging, however, and reported complication rates
are relatively high; therefore, it is recommended that only anes-
thesiologists with advanced regional anesthesia training and
experience perform it.

Regional anesthetic techniques can be used in combina-
tion with general anesthesia. After placement of the epidural
catheter or peripheral nerve block, general anesthesia can be
induced.This combination of techniquesmay improve the com-
fort of the patient in long procedures.When performing a com-
bination of general and neuraxial anesthesia, the amount and
concentration of local anesthetics have to be reviewed carefully
to lessen hemodynamic derangements.

Complications
Bone cement, polymethyl methacrylate, is frequently used to
implant THA prostheses and has been associated with adverse
pulmonary and cardiovascular events. Typical clinical signs
and symptoms (also described as bone cement implantation
syndrome) are similar to those of pulmonary or fat embolism
and include tachycardia, hypotension, hypoxemia, tachyp-
nea, dyspnea, bronchoconstriction, pulmonary hypertension
(sometimes progressing to heart failure), severe systemic
hypotension, and cardiac arrest. In addition, the manipulation,
the reaming, and the high pressures reached inside the femoral

canal during the insertion of the cemented (or even unce-
mented) femoral component, with measured peak pressures as
high as 680mmHg, cause fat particles and other debris to reach
the bloodstream. Eventually, such particles reach the lungs
through the medullary venous plexus, resulting in ventilation–
perfusion mismatch, pulmonary hypertension, and right
ventricular failure, usually manifesting as sudden oxygen
desaturation and acute systemic hypotension that may be more
dramatic in hypovolemic patients. Strategies to prevent or
minimize these complications include increasing the inspired
oxygen concentration, optimizing the intravascular volume
and proactively treating hypovolemia prior to cementing and
using vasoconstrictor drugs to treat hypotension. In addition,
drilling a vent hole in the distal femur to relieve intramedullary
pressure and removing the debris prior to high-pressure lavage
of the femoral canal can help minimize embolism. Treatment
of such complications includes timely oxygen administration,
ventilation support, and cardiovascular resuscitation, including
fluids, inotropic and vasopressor therapy.

Anesthesia for knee surgery
Arthroscopy and partial or total joint replacements are themost
frequent knee operations today. Knee arthroscopy is often per-
formed on an ambulatory basis and in mostly younger, active
patients. It is used as a diagnostic tool, for removal of loose
intra-articular bodies, and to repair ligament and meniscus
lesions and/or defects. In contrast, patients who need a total or
partial knee replacement are often older and may have signifi-
cant coexisting disease.

Knee arthroscopy
A routine preoperative visit, history and physical examination,
as well as standard testing (as required per protocol) modi-
fied by medical conditions and age, are recommended in these
usually American Society of Anesthesiologists (ASA) physical
status I or II ambulatory patients. In the operating room, the
patient is in the supine position, or occasionally with both legs
bent at right angles and placed on leg holders. Surgery begins
with the intra-articular insertion of two or more ports close to
the patellar tendon. An irrigation system is then connected to
the portals to improve intra-articular visualization and to wash
debris and blood. To provide a bloodless field, surgeons use a
pneumatic tourniquet on the thigh and/or arthroscopic pump
systems that fluid-distend and pressurize the jointwithout caus-
ing thigh compression. Surgery usually lasts less than 1 hour
and is accompanied by little hemodynamic impact and fluid
requirements.

Several anesthetic techniques are suitable for knee arthro-
scopic surgery. Although uncommon, intra-articular injections
of local anesthetics have been successfully used for short and
purely diagnostic procedures, usually in association with intra-
venous sedation. Spinal anesthesia is one of the common
anesthesia techniques for knee arthroscopy. It provides quick,
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reliable, and profound anesthesia and short-term postoperative
analgesia. With careful choice of local anesthetics and their
dose, it does not significantly delay recovery and home dis-
charge. Potential disadvantages of spinal anesthesia include
delay in ambulation, urinary retention and pruritus, as well as
risk of postdural puncture headache and transient neurologic
syndrome (TNS). Faster resolution of the spinal block can be
usually achieved by using very low doses of long-acting local
anesthetics (bupivacaine or ropivacaine, 4–9 mg) with or with-
out opioids (fentanyl ≤10 µg) or short-acting local anesthetics,
such as lidocaine (see Chapter 57).The incidence of TNS is very
low with bupivacaine. Peripheral nerve blocks can also be used
alone or in combination with spinal anesthesia. Femoral nerve
and lumbar plexus blocks are both suitable techniques for knee
arthroscopy (for details, see Chapter 61). To achieve functional
recovery of the blocked nerves before discharge, short-acting
local anesthetics could be used, but this also limits analgesia
duration. Finally, general anesthesia with low-solubility inhaled
anesthetics (sevoflurane or desflurane) or propofol, often in
association with an LMA, is broadly used in ambulatory cen-
ters because it is easily accomplished, allows rapid initiation of
surgery, and has similar (and often shorter) time-to-home dis-
charge when compared to regional techniques. General anes-
thesia, however, prolongs emergence time (time from the end
of surgery until exit from the operating room), in most cases
requires a postanesthesia care unit (PACU) stay, and is associ-
ated with higher incidence of nausea and vomiting and lower
overall patient satisfaction. With better antiemetic prophylaxis,
and especially in combination with preemptive analgesia tech-
niques, general anesthesia is quickly becoming the norm for
ambulatory knee arthroscopy.

Pain after knee arthroscopy is usually moderate but can be
intense during the first postoperative day. Tourniquet use, type
of arthroscopic procedure, andduration of surgery and anesthe-
sia appear to have no significant impact on postoperative pain.
Preemptive analgesia confers a better and smoother transition
from anesthesia to adequate analgesia, and may permit a faster
patient discharge accompanied with better patient satisfaction.
A variety of preemptive analgesic techniques have been inves-
tigated (including COX inhibitors, intra-articular ketamine,
oral or intra-articular opioids, intra-articular local anesthet-
ics, and peripheral nerve blocks). Most of these techniques,
to some extent, have been shown to improve postoperative
analgesia.

Arthroscopic anterior cruciate ligament repair is a more
extensive surgery than knee arthroscopy and causes moder-
ate to severe postoperative pain. Preemptive techniques include
oral COX inhibitors, intra-articular local anesthetics, and
femoral and sciatic blockade. Postoperative pain is better con-
trolled with peripheral nerve blocks. Postoperative analgesia
with continuous peripheral nerve blockades (CPNB) has been
used, particularly continuous femoral nerve block (CFNB). A
protocol of 2-day home CFNB infusion has shown to maintain
pain scores below the moderate range without rebound pain.
Careful patient selection and infrastructure, providing support

and potential complication management, are critical for the
safety and success of CPNB.

Anesthesia for total knee arthroplasty
Total knee arthroplasty (TKA) is indicated most frequently for
patients with osteoarthritis, RA, and hemophilic arthropathy
of the knee. Notably, TKA is associated with the highest DVT
and PE incidence of all orthopedic procedures (approximately
80% and 20%, respectively). Furthermore, mortality associated
with TKA, approximately 0.4% at 1 month and 1.8% at 1 year,
is largely attributed to infection and DVT. Therefore, numer-
ous antibiotic and DVT prophylaxis protocols have been used
to prevent these complications, presenting the anesthesiologist
with specific challenges when choosing the optimal anesthesia
and postoperative analgesia approach.

Preoperative assessment
The preoperative evaluation of these patients is similar to what
is required for patients undergoing hip arthroplasty. TKA is
considered an intermediate risk procedure. Similarly, empha-
sis should be placed on the cardiovascular and respiratory state,
and appropriate testsmust be ordered if the clinical condition of
the patient warrants it. For RA patients, special focus on airway
and cervical spine evaluation is advised.

Anesthetic management
TKA can be performed with general or regional anesthesia.
Several studies have suggested lower mortality and morbidity
after regional anesthesia; however, recent long-term outcome
data for patients undergoing TKA receiving up-to-date medi-
cal care do not support this advantage. Nevertheless, regional
anesthesia confers superior analgesia and higher patient satis-
faction and may improve short-term functional results. In this
surgery, associatedwith significant postoperative pain and need
for early and extensive postoperative physical therapy, lum-
bar epidural anesthesia remains one of the preferred anesthetic
choices. Combined spinal–epidural anesthesia is also com-
mon, providing fast onset, adequate intraoperative anesthe-
sia including profound motor block, and excellent postopera-
tive analgesia. Aggressive antithrombotic prophylaxis, however,
limits the use of postoperative neuraxial techniques in favor of
peripheral nerve blocks. General and spinal anesthesia can be
used in combination with continuous femoral blockade (with
or without sciatic nerve blockade) to provide preemptive anal-
gesia. Peripheral blocks alone (lumbar plexus block combined
with sciatic nerve block) are an alternative but a challenging
choice, requiring a motivated patient and an expert in regional
anesthesia.

TKA takes approximately 1 to 3 hours, and patients are
positioned supine. A thigh tourniquet is generally used, and
intraoperative blood transfusion is rarely needed. Routine
antibiotic prophylaxis is ideally completed 20 to 40 minutes
prior to tourniquet inflation and incision. Standardmonitoring
is complemented in patients withmoderate to severe coexisting
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Table 116.2. Effects of tourniquet deflation

Hemodynamic ↓ MAP, SVR
↑ Venous capacitance
↑ PVR
↓ CO

Metabolic Mixed acidosis
Hypoxemia/hypoxia
↑ CO2 production

Embolism Thrombus
Fat
Air
Cement (methacrylate)
Bone marrow debris

MAP, mean arterial pressure; SVR, systemic vascular resistance; PVR,
pulmonary vascular resistance; CO, cardiac output; CO2, carbon dioxide.

cardiovascular and respiratory disease by invasive arterial pres-
sure monitoring. The patients are usually stable during surgery
and before deflation of the tourniquet. After cuff deflation,
hemodynamic instability, bleeding, and hypoxia may occur
(Table 116.2).

Embolism can occur at any time during surgery. It is some-
times observed after inflation of the tourniquet, at the begin-
ning of the surgery, or during cementing of the femur, tibia,
or patella. Transesophageal echocardiogram (TEE) detects
embolism after release of the tourniquet in most patients. For-
tunately, the amount of emboli is usually not clinically signifi-
cant because PE signs and symptoms are relatively rare.The use
of an extramedullary fixed prosthesis is not associated with less
visible echogenic embolic material, suggesting that emboli are
usually thrombi, not cement or bone marrow. Hemodynamic
measurements have demonstrated that mean pulmonary artery
pressure (MPAP) and pulmonary vascular resistance (PVR)
increase in patients who have large-particle emboli observed
by TEE. PVR remains elevated long after mixed venous oxy-
gen saturation (SvO2) returns to normal values, suggesting that
the main cause of the increase in PVR is embolism rather
than a drop in SvO2. Finally, some studies have related the
stasis caused by the tourniquet itself to the development of
thrombi.

Postoperative analgesia
Most patients experience moderate to severe pain after TKA
and may significantly benefit from regional analgesia. Single-
injection femoral block has been recognized for more than
a decade to provide better analgesia than opioids and COX
inhibitors, but it is insufficient in duration (less than 24 hours)
and extent (it does not provide analgesia to the posterior part
of the knee). Therefore, continuous analgesic techniques have
been preferred over single-shot peripheral nerve blockades.
Although epidural analgesia provides better coverage of the
entire leg, compared to continuous femoral perineural anal-
gesia, it also presents disadvantages, such as urinary reten-
tion, pruritus, delayed mobilization, and the inherent risk of

neuraxial hematoma in the aggressively anticoagulated patient.
Continuous lumbar plexus or femoral blockades are appealing
postoperative analgesia options, offering adequate analgesia
with an acceptably low incidence of side effects and complica-
tions and allowing for earlier rehabilitation. With these tech-
niques, a supplemental single-injection sciatic nerve blockade
can be indicated to complete the analgesia of the knee. It is
important to remember, however, that TKA is associated with a
significant incidence of surgically induced peroneal nerve palsy
that might be masked by a routine use of sciatic nerve blocks.
COX inhibitors can be used to supplement postoperative anal-
gesia by reducing opioid consumption and side effects. Selec-
tive COX-2 inhibitors such as celecoxib have been shown not to
increase blood loss.

Anesthesia for shoulder surgery
Shoulder surgery is frequently performed in patients with
osteoarthritis, or in healthy individuals following shoulder
trauma. Common shoulder surgeries include diagnostic and
therapeutic arthroscopy, acromioplasty, rotator cuff repair, and
shoulder arthroplasty.

Preoperative assessment
Routine preoperative evaluation should be performed. Preex-
isting neurologic deficits must be recognized and documented.

Intraoperative management
Regional anesthesia alone is well suited formost patients under-
going short procedures, as it provides good intraoperative anes-
thesia, muscle relaxation, and superior postoperative analgesia.
Regional anesthesia also allows for faster recovery time and dis-
charge. To block the brachial plexus, one can select among sev-
eral regional techniques, but to achieve anesthesia of the entire
shoulder, it is necessary to perform an interscalene block or a
cervical paravertebral block (see Chapter 60). General anesthe-
sia is often considered when prolonged surgery is expected, as
well as in patients who refuse regional anesthesia or present
other contraindications. Because airway access during shoul-
der surgery is restricted, one should secure the airway when
performing general anesthesia. A laryngeal mask airway can be
used easily and safely in individuals breathing spontaneously in
association with regional anesthesia. Conversely, endotracheal
intubation, which better controls and protects the airway, is
recommended in patients undergoing surgery exclusively with
general anesthesia, when long procedures are expected, when
muscle relaxation is required, and in patients with coexisting
respiratory problems.

Patient positioning is an important consideration during
shoulder surgery. Almost invariably, surgery is performed with
the patient in a modified sitting position, also called the
“beach chair position.” Typically, the affected shoulder ismoved
beyond the side of the table and is sometimes elevated with a
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pad under the scapula. The head and neck are stabilized in a
neutral position, avoiding hyperextension of the neck and/or
excessive rotation of the head, thus decreasing the risk of injury
to the brachial plexus that is already subject to surgical trac-
tion.The unaffected arm is secured over a padded armholder in
elbow flexion and slight shoulder abduction to prevent brachial
plexus stretch and peripheral nerve injury. The thorax is stabi-
lized with a padded brace or side supports; the legs are slightly
flexed at the knees. Elastic compressive stockings and pneu-
matic compressive devices are used for DVT prophylaxis. Some
operating room beds, specially designed for shoulder surgery,
have features that improve patient comfort, safety, and surgical
accessibility.

Complications
Shoulder surgery is associated with several rare complications.
Many complications occur more commonly in the sitting posi-
tion, including cardiac arrest, stroke, blindness, ophthalmople-
gia, and air embolism. Cardiac arrest is rare, but may occur
when a hypovolemic patient (especially under general anesthe-
sia) is abruptly moved from the supine to a steep sitting posi-
tion. Sudden emptying of the ventricles is probably responsible
for the extreme bradycardia and hypotension, sometimes pro-
gressing to pulseless electrical activity or asystole. Immediate
reversal of the sitting position to the Trendelenburg position,
rapid fluid resuscitation, and pressor and inotrope support usu-
ally quickly reverse the acute circulatory failure spiral.

Stroke in the sitting position can be attributed to postural
hypotension, unrecognized decrease in cerebral perfusion pres-
sure, as well as head and neck manipulation that may produce
regional changes in cerebral blood flow. Loss of vision and oph-
thalmoplegia have also been attributed to ischemic events due
to low blood pressure.These ischemic events could be related to
failure to recognize the perfusion pressure differences, resulting
from the sitting position and erroneous choice of blood pres-
sure monitoring reference points. The cerebral blood pressure
will differ from the measured pressure by approximately 1 mm
Hg for each 1.3-cm difference in height between the brain and
the reference point (transducer position for invasive pressure
monitor or the blood pressure cuff site for a noninvasive pres-
sure monitor). For example, in an adult patient in the sitting
position, the cerebral arterial pressure will be approximately 25
to 30mmHg lower than the pressure measured at the arm. Fur-
thermore, the compensatorymechanisms regulating andmain-
taining cerebral blood flow are affected by general anesthesia.
Therefore, blood pressure should be monitored with extreme
caution. A noninvasive blood pressure cuff should not be placed
routinely at the calf. For invasive blood pressuremeasurements,
the transducer can be positioned at the level of the external
auditory meatus for the measured blood pressure to best reflect
the cerebral arterial pressure. These considerations are partic-
ularly important in patients with a history of cerebrovascular
disease and/or chronic hypertension.

Postoperative analgesia
Pain and neurologic complications are important considera-
tions during the postoperative period. Postoperative pain after
shoulder surgery ranges from moderate to severe, correlating
poorly with the type of surgery performed. In fact, some arthro-
scopic procedures do not differ from open surgery in postop-
erative pain scores. Interscalene brachial plexus block provides
analgesia superior to all other pain control modalities, reduces
opioid use, allows for faster hospital discharge both in the inpa-
tient and outpatient setting, and permits earlier rehabilitation
therapy.
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117 Rheumatoid arthritis and scoliosis
Kenji Butterfield, Abdel-Kader Mehio, and John D. Mitchell

Rheumatoid arthritis
Introduction
Rheumatoid arthritis is a chronic autoimmune inflammatory
disease of unknown etiology, characterized by symmetric poly-
arthropathy and significant systemic involvement. It occurs in
approximately 1% of the population and has a female pre-
dominance. Onset is typically seen in patients between 30 and
50 years of age. Table 117.1 summarizes its effects on organ sys-
tems. As discussed below, rheumatoid arthritis causes a variety
of systemic disturbances that may present serious perioperative
challenges.

Vascular access
Peripheral veins are usually small, brittle and difficult to can-
nulate – a frequent association with glucocorticoid therapy.
The distal arteries are often calcified and placement of a radial
arterial catheter could be difficult due to flexion deformities
of the wrist joints. Internal jugular venous access may also be
challenging due to fusion of cervical vertebrae and/or limited
extension.

Airway
Atlantoaxial (C1–C2) subluxation
Cervical spine flexion deformity may limit the degree of neck
extension.The majority of subluxations are anterior, but can be
in the posterior, lateral, or vertical positions. Anterior subluxa-
tion generally presents with flexion of the neck; consequently,
great care must be taken with patient positioning to prevent
cord compression or vertebral artery compression. Although
the “sniffing” position is often recommended for endotracheal
intubation, there have been case reports of subluxation associ-
ated with this position as well. Lateral neck radiographs orMRI
studies revealing a greater than 3 mm gap between the anterior
arch of the atlas and the odontoid process can confirm the pres-
ence of anterior subluxation (Fig. 117.1).

Temporomandibular joint
Severely limited movement of the temporomandibular joint
(TMJ) may make visualization of the glottis by direct laryn-

goscopy extremely difficult. Such patients may present with
micrognathia and obstructive sleep apnea. When challenges
with direct laryngoscopy are predicted, the use of alternative
options, such as video-assisted laryngoscopy, fiber-optic laryn-
goscopy, or use of the Fastrach LMA(LMANorthAmerica, Inc.,
San Diego, CA), should be considered.

Cricoarytenoiditis
This condition may be present in patients complaining of
hoarseness, stridor, odynophagia, or pain when speaking or
coughing. Direct laryngoscopy typically reveals bright red
swelling over the arytenoids and narrowing of the glottic open-
ing, but normal vocal cords. If the patient presents with mild
symptoms, the use of a smaller endotracheal tube (ETT) is
recommended. In the presence of severe symptoms, however,
oral intubation is relatively contraindicated. Anesthetic alter-
natives to oral intubation include local anesthesia, regional
anesthesia, or presurgical tracheotomy under local anesthe-
sia. These options should be discussed with the patient and
the surgeon in the preoperative setting. Due to the possibil-
ity of postextubation supraglottic obstruction in these patients,
close postoperative observation is of paramount impor-
tance.

Neuraxial regional anesthesia
The lumbar spine usually remains unaffected by rheumatoid
arthritis. Neuraxial regional anesthesia techniques involving
the thoracic spine may be technically challenging. A thorough
physical examination should be performed to assess for bony
spinal deformities, which if found, may warrant radiographic
evaluation. Performing neuraxial anesthesia techniques under
fluoroscopic guidance should be strongly considered in such
cases.

Scoliosis and spine surgery
Scoliosis is a complex lateral and rotational deformity of the
thoracolumbar spine, also resulting in rib-cage deformity. Ante-
rior or posterior deformities, such as kyphosis or lordosis,
may also accompany this condition. Approximately 70% of all
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Table 117.1. Effects of rheumatoid arthritis on the organ systems

Organ system Presentation Evaluation

Cardiac – Constrictive pericarditis
– Pericardial effusion
– Aortic root dilatation
– Aortic insufficiency
– Cardiac conduction abnormalities
– Myocarditis
– Coronary arteriitis
– CAD (chronic steroid use implicated)

– ECG
– Consider echocardiography or stress test if cardiac history
is significant

Respiratory – Pleural effusion
– Pulmonary fibrosis
– Pulmonary vasculitis
– Pulmonary nodules
– Obliterative bronchiolitis

– Chest radiograph
– Consider spirometry or arterial blood gas if history is significant

Neurologic – Nerve compression (cervical, peripheral)
– Muscle weakness due to mononeuritis

– Assess for neuropathies

Renal – Vasculitis
– Amyloidosis
– Autoimmune nephropathy

– Baseline BUN and creatinine

Hematologic – Mild anemia (iron deficiency)
– Chronic use of COX inhibitors

– Check pre-op CBC
– Anticipate variable platelet dysfunction

Endocrine – Adrenal insufficiency from chronic steroid use – Stress-dose steroids may be warranted in case of chronic use

ECG, electrocardiogram; CAD, coronary artery disease; BUN, blood urea nitrogen; COX, cyclooxygenase; CBC, complete blood count.

Figure 117.1. Lateral radiograph of the cervical spine, showing the
atlantoaxial subluxation and superior migration of the odontoid process
into the skull. The atlas has slipped anteriorly on the axis, resulting in the
narrowing of the spinal canal.
(Reproduced with permission from Osamu Shirado and The Journal of Bone
and Joint Surgery / License # 1763730814591)

cases are idiopathic, occurring with a male:female ratio of 1:4.
The remaining 30% are secondary to an array of causes, includ-
ing neuromuscular disease, mesenchymal disorders, infection,
trauma, or congenital causes. Surgery is usually considered
when the Cobb’s angle (lateral curvature) exceeds 50◦ in the
thoracic spine, or 40◦ in the lumbar spine (Fig.117.2). Surgical
intervention aims at halting the disease progression and par-
tially correcting the deformity, thereby improving the quality
of life and facilitating care. If left untreated, scoliosis can lead
to severe respiratory and cardiovascular compromise, includ-
ing restrictive lung disease, pulmonary hypertension, and right
heart failure.

In general, for patients undergoing cervical spine surgery,
gentle neck manipulation is advised while intubating the air-
way. Direct laryngoscopy with in-line stabilization or awake
fiber-optic intubationmaybenecessary in cases involving cervi-
cal spine instability. Thoracolumbar surgery generally involves
degenerative disease in older patients who may also present
with significant comorbidities.

Preoperative assessment
Scoliosis patients presenting for spinal surgery require a thor-
ough preoperative assessment of their respiratory and cardio-
vascular systems. The anesthesiologist should be cognizant of
the potential for a difficult airway. The possible need for post-
operative ventilation and ICU admission should be discussed
with the patient, the family, and the surgical team prior to the
procedure. As with most spinal surgeries, the need for a wake-
up test should be addressed and rehearsed with the patient in
advance.
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Figure 117.2. Scoliosis is a lateral deviation in the frontal plane associ-
ated with rotation. (With permission from The Spine Society of Europe at
eurospine.org)

Respiratory
The restrictive pulmonary disease caused by scoliosis is related
to the following factors:

� Extent of Cobb’s angle
� Number of vertebrae involved
� Cephalad location of the curve
� Loss of normal thoracic kyphosis

Both vital capacity and total lung capacity are reduced, but
generally the residual volume remains unchanged. In addi-
tion, patients often exhibit ventilation/perfusion mismatch due
to hypoventilated areas. Physiotherapy and nebulized bron-
chodilators are the mainstay treatments for these pulmonary
conditions.

Cardiovascular
Cardiac disease can occur as a direct result of scoliosis or be
indirectly linked to its underlying causes. Distortion of the chest
cavity can lead to chronic hypoxemia and pulmonary hyperten-
sion, resulting in cor pulmonale. Impaired cardiac contractility
can be severely exacerbated by anesthesia and hypovolemia in
patients withDuchenne’smuscular dystrophy. Table 117.2 sum-
marizes the preoperative planning.

Intraoperative techniques
Themost important intraoperative goals include a stable depth
of anesthesia, an adequate level of neuromuscular blockade, and
a tight control of the patient’s hemodynamic parameters. The
anesthesiologist can be faced with multiple challenges includ-
ing (1) significant blood loss, (2) one-lung ventilation during
thoracic spine surgery, (3) prone positioning, and (4) the wake-
up test.

Hemodynamic management
Several techniques are used to minimize blood loss. The use
of antifibrinolytics, such as aminocaproic acid or tranexamic
acid, have provenhelpful, albeit not risk-free. Intraoperative cell
salvage could also be beneficial, yet is often insufficient alone
because clotting factors and platelets are lost in the process.
Transfusion of fresh-frozen plasma, platelets, and/or cryopre-
cipitate may be necessary. Controlled hypotension may also be
used in some circumstances; although this intervention canplay
a valuable role, it is not appropriate for all patients. It is there-
fore important to evaluate each patient for comorbidities that
could render controlled hypotenion inappropriate and discuss
the limitations with the surgical team.

Table 117.2. Summary of preoperative planning for scoliosis surgery

Airway – Potentially difficult
– C-spine movement may be limited
– Double-lumen ETT may be necessary

Respiratory – Chest radiograph
– Arterial blood gas: usually low PaO2 with normal

PaCO2
– Spirometry

Cardiovascular – ECG
– Echocardiogram: LVEF and PA pressures
– Dobutamine stress echocardiogram considered in

patients with limited exercise tolerance
Laboratory Tests – CBC

– Electrolytes
– Coagulation profile
– Crossmatched blood

IV Access – Large-bore IVs (possibly central line)
– Arterial line

Planned Monitors – Standard
– Spinal cord monitoring
– Wake-up test
– Arterial line
– TEE (preferable to CVP or PAC)

LVEF, left ventricular ejection fraction; PAC, pulmonary artery catheter.
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Intraoperative invasive hemodynamic monitoring can be
challenging in the prone position. For example, central venous
pressure (CVP) and pulmonary artery (PA) pressure can often
yield falsely elevated levels, and only trends can be useful.
Transesophageal echocardiography (TEE) allows for better
assessment of filling pressures and contractility; however, that
modality may also be complicated in the prone position.

Ventilation
Ventilation in such patients can be very challenging due to the
difficulties negotiating the specifics of restrictive lung disease
management with the surgical positioning constraints. High
peak airway pressures are common in these circumstances.
Pressure-controlled ventilation may be helpful in managing
allowable peak pressures. In some patients, one-lung ventilation
with a double-lumen tube or a bronchial blocker is required.
Each technique offers its own unique advantages: although a
double-lumen tube provides the benefit of optional passive
oxygenation to the nonventilated lung, its use often necessi-
tates the eventual exchange to a single-lumen ETT at the end
of the procedure. This procedure may be complicated due to
postoperative facial and airway swelling from the prone posi-
tion and major fluid shifts. The use of an endotracheal tube
exchanger may be prudent to avoid loss of the airway in this
setting. Ultimately, pulmonary function is unlikely to improve
immediately after surgery. Indeed, months to years may elapse
before improvement can be observed in the patient’s respiratory
status.

Positioning
Special consideration needs to be made for patients in the
prone position, with particular attention to the head, neck, arms
and face, especially the eyes. In particular, such patients are
at greater risk of developing a postoperative visual deficit. Eye
injuries can include corneal abrasion, ischemic optic neuropa-
thy, central retinal artery occlusion, and cortical blindness. Risk
factors include prolonged procedures, profound blood loss,
anemia, hypotension, hypoxia, in addition to the prone and
Trendelenburg positions.

Spinal cordmonitoring
Spinal cord monitoring is vital in scoliosis patients undergo-
ing spine surgery. The risk of postoperative neurologic deficits,
including paraplegia, is significant. To minimize these risks,
three monitoring techniques can be employed: somatosensory
evoked potentials (SSEPs), motor evoked potentials (MEPs),
and the wake-up test (see Chapter 29).

The monitoring of MEPs can reduce the incidence of neu-
rologic complications, however, it does not completely prevent
the risk. WhenMEPs are monitored, total intravenous anesthe-
sia (e.g., with propofol and opioid infusions) is required with
little or no volatile anesthetics. A low-dose infusion of mus-
cle relaxants can also be used, though no muscle relaxation is
preferable.

Table 117.3. Summary of intraoperative care for scoliosis surgery

Premedication – Anxiolytics
– Bronchodilators may be helpful

Induction – Guided by patient’s condition
– Avoid succinylcholine in patients with muscular

dystrophy
Intubation – Direct versus fiber-optic laryngoscopy

– Double-lumen ETT, depending on surgical
approach

Maintenance – Maintain stable depth so that spinal cord
monitoring can be interpreted reliably

– Isoflurane <0.5 MAC with 60% nitrous oxide is
compatible with SSEPs

– Total intravenous anesthesia (preferably with
propofol and opioid infusions), especially when
MEPs are monitored (avoidance of muscle relaxants
preferred)

Positioning – Often prone; slight reverse Trendelenburg if
possible

– Assess baseline neurologic deficits, including range
of motion

Muscle relaxation – Continuous IV infusion of muscle relaxant
– Minimal or no muscle relaxants if MEPs monitored

Spinal cord
monitoring

– Commonly recommended methods include SSEPs,
MEPs, or a wake-up test

– With wake-up test, use short-acting agents (e.g.,
remifentanil, propofol, desflurane)

Blood
preservation

– Antifibrinolytics
– Cell salvage
– Controlled hypotension

Thewake-up test is still considered themost reliable evalua-
tion of an intact spinal cord.This test should be planned well in
advance.The patient should bewarned about the possibility, the
concept explained and the scenario rehearsed. Clear commu-
nication with the surgical and neurophysiological monitoring
teams is vital not only to determine whether a wake-up test will
be necessary, but also to allow for appropriate depth of anesthe-
sia. Often, short-acting agents, such as nitrous oxide, propofol,
and remifentanil, are used for rapid emergence and resumption
of anesthesia. Table 117.3 summarizes the basics of intraopera-
tive care.

Postoperative care
As discussed previously, patients undergoing surgery for sco-
liosis often have poor preoperative pulmonary function. The
need for postoperative ventilation is dependent on a number
of patient and surgical factors, including:
� Preoperative forced vital capacity (FVC) �35% of the

predicted value
� Preexisting neurologic deficits
� Right heart failure
� Obesity
� Prolonged operative time
� Thoracic surgical involvement
� Blood loss �30 ml/kg
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Table 117.4. Postoperative care for scoliosis surgery

Postoperative ventilation – Risk factors as above
– Preoperative discussion indicated

Postoperative analgesia – IV PCA opioids, epidural (opioid-based),
intrathecal morphine, intrapleural
LA/opioids

PCA, patient-controlled anesthesia.

Patients exhibiting any one or more of these features can be
described as the best candidates for postoperative ventilation. In
addition, any signs of postoperative visual loss should prompt
an urgent ophthalmologic consultation.

Postoperative analgesia is of great importance and is often
challenging following scoliosis surgery because of the size of
the incision and possible preexisting chronic pain. Moderate
to severe pain can be expected for several days postopera-
tively. Patients who are cognitively impaired or very youngmay
present special challenges in this regard as they are less able to
communicate discomfort. If epidural analgesia is used, it should
be primarily or entirely opioid-based, because neuraxial local
anesthetics can compromise the ability to assess neurologic
function. Table 117.4 summarizes the basics of postoperative
care.
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Chapter

118 Anesthetic management in spine surgery
Abdel-Kader Mehio and Swapneel K. Shah

Introduction
The spectrum of spine surgery is considerable.There is a signif-
icant increase in procedures performed each year, due to both
improvements in surgical technique and an increase in patients
deemed suitable for surgery.

Spine surgery patients often present with comorbidities,
such as serious cardiovascular and respiratory disease. Airway
management could be challenging, especially in patients with
cervical spine pathology. Spine surgery is frequently associated
with significant blood loss, prolonged anesthesia (often in the
prone position), and problematic postoperative pain manage-
ment. The anesthesiologist’s role in the perioperative manage-
ment of these patients is discussed, including techniques to
monitor spinal cord function.

Preoperative assessment
When assessing patients before spine surgery, particular care
should be given to the respiratory, cardiovascular, and neuro-
logic systems; all may be affected by the pathology for which
the spine surgery is proposed.

Airway assessment
Thepotential for a difficult airway should always be considered,
particularly in those patients presenting for surgery of the upper
thoracic or cervical spine. Previous intubation history and doc-
umentation should be reviewed, and careful assessment of neck
flexion and extension should be performed. In addition, the sta-
bility of the cervical and thoracic spine should be determined
and discussed preoperatively with the spine surgeon.

The cervical spine should be assessed clinically (pres-
ence of pain and/or neurologic deficits) and radiographically
(lateral or flexion/extension plain films, computer-assisted
tomography, or magnetic resonance imaging). The stability of
the cervical spine is dependent on ligamental and vertebral ele-
ments. Damage to these elementsmay not be detectable by plain
radiographs alone.The adult cervical spine belowC2 is unstable
or on the brink of instability when one of the following condi-
tions is met:
1. All the anterior or all the posterior elements are destroyed.
2. There is a �3.5-mm horizontal displacement of one

vertebra in relation to an adjacent one on lateral radiograph.

3. There is more than 11◦ rotation of one vertebra relative to
an adjacent one.

Above the level of C2, examples of unstable injuries include
disruption of the transverse ligament of the atlas and Jefferson
burst fracture of the atlas following axial loading that causes
atlantoaxial instability. Disruption of the tectorial and alar liga-
ments and some occipital condylar fractures also cause atlanto-
occipital instability.

Some inherited disorders such as Duchenne muscular dys-
trophy (DMD) may lead to glossal hypertrophy, and previous
radiotherapy to tumors of the head and neck can cause diffi-
culty in direct laryngoscopy. A decision must be made whether
to intubate the patient awake or asleep.

Respiratory assessment
Patients presenting for spine surgery may have impaired res-
piratory function. Those who have sustained cervical or high
thoracic trauma or who have multiple injuries may be mechan-
ically ventilated preoperatively. Others can suffer from recur-
rent respiratory infections. Preoperatively, respiratory function
should be assessed by a thorough history, focusing on func-
tional impairment, physical examination, and appropriate
testing. Scoliosis causes a restrictive pattern on pulmonary
function tests (PFTs), with reduced vital capacity and reduced
total lung capacity (TLC) (see Chapter 117). The residual vol-
ume is unchanged. The severity of functional impairment is
related to the angle of the scoliosis, the number of vertebrae
involved, cephalad location of the curve, and loss of the normal
thoracic kyphosis.The extent of functional impairment cannot,
therefore, be directly inferred from the angle of scoliosis alone.
The most common blood gas abnormality is a reduced arterial
oxygen tension with a normal arterial carbon dioxide tension
that is a result of the mismatch between ventilation and perfu-
sion in the hypoventilated lung units (increased shunt). Respi-
ratory function should be optimized by treating any reversible
cause of pulmonary dysfunction (including infection) with
physiotherapy, nebulized bronchodilators, and antibiotics, as
indicated. There is controversy over whether surgery for idio-
pathic scoliosis improves or worsens pulmonary function.

The type of surgery proposed has also been shown to have
a significant effect on PFTs, and may explain some of the
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contradictory findings in the previously mentioned studies.
Spine surgery involving the thorax (anterior approach, com-
bined approach, or rib resection) is associated with an initial
decline in forced vital capacity (FVC 19% of baseline values),
forced expiratory volume in 1 second (FEV1 13%), and TLC
(11%) at 3 months. These declines are followed by subsequent
improvement to preoperative baseline values at 2 years post-
operatively. However, surgery involving the posterior approach
only, is associated with an improvement in PFTs in 3 months
(although not reaching statistical significance) and improve-
ments that are statistically significant at 2-year follow-up: FVC
(14% increase from baseline), FEV1 (14%), and TLC (5%).
Older studies have reported that if preoperative vital capacity
is less than 30 ± 35% of predicted, postoperative ventilation is
likely to be required.

Cardiovascular assessment
Cardiac compromise may be a direct result of the underlying
pathology, such as a muscular dystrophy. Cardiac dysfunction
may also occur secondary to scoliosis that causes distortion
of the mediastinum, and cor pulmonale secondary to chronic
hypoxemia and pulmonary hypertension. Assessment of func-
tional cardiovascular impairment is difficult in patients who
are wheelchair-bound. Minimum investigations should include
electrocardiography and echocardiography to assess left and
right ventricular function and pulmonary arterial pressures.
Dobutamine stress echocardiographymay be used to assess car-
diac function in patients with limited exercise tolerance.

Neurologic assessment
A full neurologic assessment of the patient should be docu-
mented preoperatively for the following reasons:

1. In certain patients undergoing cervical spine surgery, the
anesthesiologist must minimize neck movement to avoid
further neurologic deterioration during airway
instrumentation and patient positioning.

2. Muscular dystrophies may involve the bulbar muscles,
increasing the risk of perioperative aspiration.

3. In case of spinal cord injury, its anatomical level and the
time elapsed from the insult are predictors of possible
perioperative cardiovascular and respiratory
complications. If surgery is contemplated within the first 3
weeks after the injury, spinal shock may still be present.
Later on, autonomic dysreflexia may develop, more likely
in injuries above the mid-thoracic level.

Anesthetic techniques
Premedication
In patientswith a high spinal cord lesion or those inwhomfiber-
optic intubation is to be undertaken, administration of anti-
cholinergic agents, such as glycopyrrolate, may be considered
to decrease airway secretions. Many patients will present with

factors contributing to increased risk of regurgitation and aspi-
ration of gastric contents, such as recent opioid administration,
high spinal cord injury, or recent traumatic injury. In these cir-
cumstances, it may be prudent to premedicate patients with a
histamine H2 receptor antagonist, or a proton pump inhibitor,
and with a nonparticulate antacid, such as sodium citrate. Some
patients may have nasogastric tubes in situ that decrease the
competence of the lower esophageal sphincter.

Induction
The choice of an intravenous (IV) or inhalation induction is
guided primarily by the patient’s clinical condition and by the
patient’s airway assessment. Preoxygenation is advisable in all
patients.

The use of succinylcholine in patients with muscular dys-
trophies may cause cardiac arrest secondary to hyperkalemia.
In patients with denervation as a result of spinal cord lesions,
the increased number of extrajunctional acetylcholine receptors
on skeletal muscle can cause hyperkalemia after administration
of succinylcholine.The amount of potassium releasedmay pos-
sibly correlate with the extent of the patient’s motor deficit. It
is usually considered safe to administer succinylcholine within
the first 24 hours of injury. The increase in serum potassium
is maximal between 4 weeks and 5 months after spinal injury.
Serum potassium levels may increase from normal to as high
as 14 mEq/L, causing ventricular fibrillation and/or asystole.
There are no specific contraindications to the use of nonde-
polarizing agents, while varying degrees of resistance could be
observed.

Intubation
Awake or asleep?
Indications for awake intubation include the need for neu-
rologic assessment following airway management, the risk of
aspiration combined with a potentially difficult airway, or the
presence of a neck stabilization device (such as halo traction)
that prevents adequate access to the airway.

Direct or fiber-optic laryngoscopy?
There is controversy as to whether direct laryngoscopy is a
major factor contributing to cord injury in patients with cer-
vical spine instability. Other factors, such as hypotension and
patient positioning, may be equally important. Direct laryn-
goscopy with manual in-line stabilization or a hard collar is
an accepted means of intubation for many patients, provided
this can be achieved with limited neckmovement. Fixed flexion
deformities of the upper thoracic and cervical spine may make
direct laryngoscopy impossible, requiring a fiber-optic bron-
choscope to facilitate intubation.

Anterior approaches to the thoracic spine may necessitate
the use of a double-lumen endotracheal tube or a bronchial
blocker, optimizing the surgical field by providing single-lung
ventilation for portions of the procedure.
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Maintenance
To avoid and/or appropriately interpret changes to somatosen-
sory evoked potentials (SSEPs), a stable anesthetic depth is
required. Although employing nitrous oxide and volatile anes-
thetics at combined levels of less than 0.5 minimum alveolar
concentration (MAC) is compatible with SSEP monitoring, IV
techniques using propofol and an opioid are generally preferred
due to their reduced effects on the amplitude and latency of
evoked potentials.

Prevention of blood loss
Most of the blood loss in spinal instrumentation and fusion
occurs with decortication and disruption of rich vascular net-
works, and is proportional to the number of vertebral levels
involved. During more extensive spine surgery, it can be con-
siderable, varying typically between 10 and 30ml/kg. Blood loss
and transfusion requirements may be reduced through proper
positioning and the use of intraoperative blood salvage, induced
hypotension, intraoperative hemodilution, and the adminis-
tration of antifibrinolytic agents, such as tranexamic acid and
aminocaproic acid. Induced hypotension is not without risk,
and has been reported to cause cord ischemia and neurologic
deficits, including blindness.

When patients are placed in the prone or knee–chest posi-
tion, care must be taken to minimize intra-abdominal pres-
sure. Positioning devices, such as the Relton–Hall frame, which
allow the abdominal viscera to hang freely, reduce inferior
vena cava (IVC) pressure by one third compared with conven-
tional pads. Elevated IVC pressure is associated with lumbar
venous engorgement and increased blood loss. Minor changes
to patient positioning on the Wilson frame can reduce blood
loss per vertebral level by approximately 50%.

Agents for maintaining deliberate hypotension include
volatile anesthetics, calcium channel antagonists, sodiumnitro-
prusside, nitroglycerin, and, in children, the dopamine D1
receptor agonist, fenoldopam. Mean arterial pressure (MAP) is
typically maintained at 60 mm Hg.

Caudal anesthesia has also been shown to reduce surgical
bleeding by 50% in patients undergoing lumbar spine surgery.
This reduction was thought to be a result of a reduction in sym-
pathetic tone causing ameasurable decrease in lumbar vertebral
intraosseous pressure. This technique, however, is not as con-
trollable as is continuous IV titration of a short-acting hypoten-
sive agent, nor is it suitable for operations involving the thoracic
and cervical spine. It may also hinder early postoperative neu-
rologic assessment.

Thromboembolic prophylaxis
Patients undergoing spine surgery may be at increased risk
for thromboembolic complications as a result of prolonged
surgery, prone positioning, malignancy, and/or extended peri-
ods of postoperative immobilization. The use of compres-
sion stockings and/or pneumatic boots is recommended. Many

surgeons prefer not to administer anticoagulants because their
usemay be associated with hemorrhagic complications, includ-
ing increased blood loss and epidural hematoma.

Muscle relaxation
When the spinal integrity monitoring plan involves motor
evoked potentials (MEPs), neuromuscular blocking drugs are
best avoided or used sparingly.

Intraoperative monitoring
Cardiovascular monitoring
Prolonged surgery, significant blood loss, the use of controlled
hypotension in selected cases, and the hemodynamic and respi-
ratory effects of thoracic spine operations are all indications for
invasive arterial pressure monitoring.

In the prone position, central venous pressure (CVP) may
be a misleading indicator of right and left ventricular end-
diastolic volumes. A study of 12 pediatric patients undergoing
surgery for scoliosis in the prone position compared CVP and
transesophageal echocardiography (TEE) in the assessment of
ventricular filling. Measurements were taken before and after
positioning. The results demonstrated that there was no cor-
relation between the measurement of cardiac volume indica-
tors by TEE and CVP or pulmonary artery occlusion pressure
(PAOP) in such conditions. High CVP values may be mislead-
ing indicators of adequate cardiac filling in the prone position.
The changes are probably a result of raised intrathoracic pres-
sure causing reduced ventricular compliance and compression
of the inferior vena cava. The dependent position of the lower
limbs results in reduced venous return to the heart.

Respiratory monitoring
Patients with severe respiratory dysfunction as a result of sco-
liosis may have an increased alveolar–arterial oxygen gradient
thatmaybe further increased during prolonged surgery because
of regional hypoventilation. Serial measurements of arterial
oxygen tension are usually recommended.

Temperature monitoring
Thermoregulation may already be impaired in patients with
spinal cord lesions secondary to the sympathectomy distal to
the lesion. In addition, prolonged surgery is associated with sig-
nificant heat loss.The use of temperature monitoring, warming
of IV fluids, and a warm air mattress device are recommended.

Spinal cord monitoring
When corrective forces are applied to the spinal column,
osteotomies are performed, or instrumentation is applied onto
the vertebral structures, the spinal cord is at risk of injury.
The incidence of motor deficit or paraplegia after surgery to
correct scoliosis in the absence of spinal cord monitoring
has been quoted to vary between 3.7% and 6.9%. By using
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intraoperative neurophysiological monitoring (IONM), this
percentage can be reduced to 0.5%. The American Academy of
Neurology has published guidelines on IONM, concluding that
considerable evidence favors the use of neurological monitor-
ing as a safe and efficacious tool in clinical situations in which a
significant risk for nervous system injury exists. It is now con-
sideredmandatory tomonitor spinal cord function during such
procedures, while also recognizing the limitations of IONM.
The IONM ideally detects perturbations in spinal cord function
early, allowing the surgeon to take appropriate corrective steps
before irreversible damage occurs. However, the time between a
change in the electrophysiologic recordings from the cord after
overdistraction and the onset of irreversible ischemic damage
is in the order of only 5 to 6 minutes in animal studies. Spinal
cord neurophysiological monitoring includes:
� Wake-up test
� SSEPs
� MEPs
� Electromyography

Acute alterations in neurophysiological monitoring (ampli-
tude and/or latency) signify spinal cord compromise and may
be the result of direct trauma, ischemia, compression, or
hematoma.

Positioning
Patient positioning for spine surgery varies, depending on the
level of the spine to be operated on and the type of surgery.
Patients may be repositioned intraoperatively. It is important
that venous pressure at the surgical site is kept low to reduce
bleeding (reverse Trendelenburg tilt and a free abdomen). In
addition, peripheral nerves, bony prominences, and the eyes
should be protected (see Chapter 51). It is also important
to avoid displacement of unstable fractures during patient
positioning.

Lumbar surgery
Anterior approaches sometimes require a laparotomy. Mini-
mally invasive surgery with lateral incision has become more
popular recently. Posterior surgery requires prone patient posi-
tion with a decompressed abdomen to keep the epidural venous
pressure low (the patient supported on a Wilson frame, for
example, or a raised mattress with a hole for the abdomen; see
Fig. 118.1). For disc surgery, patientsmay be placed in the knee–

Figure 118.1. Prone position for lumbar surgery.

chest position with a well padded, secure support behind the
upper thigh to support the patient’s weight.This position results
in a horizontal lumbar spine with vertical intervertebral discs.

Thoracic surgery
Anterior approaches to the thoracic spine are via a thoracotomy
with the patient supported in a lateral position. One-lung ven-
tilation with a double-lumen endotracheal tube or a bronchial
blocker is often used to allow for better surgical retraction of
the lung. The optimal tube placement should always be con-
firmed fiberoptically after the patient is repositioned. Posterior
approaches to the thoracic spine require a prone patient with a
decompressed abdomen.

Cervical spine surgery
Patients are sometimes positioned with their head away from
the anesthesia machine to allow surgical access to the head
and neck. Access to the upper extremities is limited and exten-
sions are often needed for the breathing circuit, and arterial
and IV lines. Tracheal tubes must be carefully secured without
encroaching on the surgical field or the pathway of the C-arm
fluoroscopymachine. For anterior surgery, a reinforced tracheal
tube may be considered to reduce the risk of airway obstruc-
tion as tracheal retraction sometimes occurs during surgery.
The head is supported on a padded head ring, or the May-
field horseshoe headrest. Spine traction may be required by
tongs and weights placed into the outer bone plate of the skull
for some procedures. Reverse Trendelenburg positioning could
minimize venous bleeding and provide counter-traction for the
weight attached to the head. Venous pooling in the lower limbs
and intraoperative retraction of the carotid arterymake an arte-
rial line advisable for some patients, and often practitioners will
level the transducer to the level of the head, rather than to the
right atrium, to better assess cerebral perfusion. For posterior
approaches to the cervical spine, the head of the prone patient
can be supported on the gel-padded Mayfield horseshoe head-
rest or placed in a skull clamp. The orbits, the superior orbital
nerve, and the skin over the maxilla are at particular risk of
ischemic injury if positioning is incorrect. These problems are
avoided by using a skull clamp. The head height and degree
of neck flexion may be adjusted intraoperatively, and pressure
areas must be rechecked after such maneuvers.

Venous air embolism
Venous air embolism (VAE) is a catastrophic event that may
occur during spine surgery. The large amount of exposed bone
and the elevated location of the surgical incision relative to the
heart predispose toVAE. Incidence of VAE in patients undergo-
ing neurosurgical procedures in the sitting, supine, prone, and
lateral positions are 25%, 18%, 10%, and 8%, respectively. The
presenting sign in all cases was unexplained hypotension and an
increase in the end-tidal nitrogen concentration. If VAE is sus-
pected, the wound should be irrigated with saline, nitrous oxide
discontinued, and vasopressors and fluid boluses initiated.
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Spine 72%

Miscellaneous 10%

Orthopedics 4%

Vascular 5%

Cardiac 9%

Figure 118.2. Distribution of cases from the ASA POVL Registry. Data were
obtained from the study by Lee et al. The American Society of Anesthesi-
ologists Postoperative Visual Loss Registry. Anesthesiology 2006; 105:652-9
Figure with permission from Baig M, Lubow M, Immesoete P, et al. Vision loss
after spine surgery: review of the literature and recommendations. Neurosurg
Focus 2007; (5):15.

Postoperative visual loss
The devastating permanent impairment or loss of sight associ-
ated with spine surgery in the prone or lateral position under
general anesthesia has led to the creation of a registry by the
American Society ofAnesthesiologists (ASA) in 1999. In 2006, a
review of the first 131 postoperative visual loss cases reported to
the registry, of which 93 patients had undergone spine surgery
(Fig. 118.2), was completed. A practice advisorywas formulated
to enhance awareness of postoperative visual loss (POVL) and
to reduce its frequency by assisting the clinicians in decision-
making when caring for patients undergoing spine surgery
under general anesthesia.

The most common causes for POVL associated with spine
surgery are ischemic optic neuropathies (IONs), either ante-
rior (AIONs) or (more frequently) posterior (PIONs). AION
has been linked to degenerative vaso-occlusive disease involv-
ing small arteries, such as the posterior ciliary branches supply-
ing the optic nerve. PION occurs between the optic foramen at
the orbital apex and the central retinal artery’s point of entry
at the midportion of the optic nerve. The perfusion pressure in
this section of the optic nerve might be particularly suscepti-
ble to increased venous pressure because the supplying arteries
consist of small end vessels from the surrounding pia. POVL
may also occur from direct trauma to the eye, cortical blindness
secondary to hypoperfusion or thromboembolic events, central
retinal artery occlusion (CRAO), secondary to direct pressure
on the globe or thromboembolic event, or increased intraocu-
lar pressure (Fig. 118.3).

The occurrence of ophthalmic complications after spine
surgery is reported to be less than 0.2%.There is evidence from
one case–control study and several case reports that preoper-
ative anemia and vascular risk factors, such as hypertension
and carotid artery disease, as well as smoking, obesity, and dia-
betes,may be associatedwith POVL after spine surgery. Patients
with these characteristics are referred to as high-risk patients. In

Posterior ischemic
optic neuropathy 60%

Anterior ischemic
optic neuropathy 20%

Unknown ischemic
optic neuropathy 9%

Central retinal
artery occlusion 11%

Figure 118.3. Distribution of 93 ophthalmic lesions associated with POVL
after spine surgery from the ASA POVL Registry. Data were obtained from the
study by Lee et al. The American Society of Anesthesiologists Postoperative
Visual Loss Registry. Anesthesiology 2006; 105:652-9. Figure with permission
from Baig M, Lubow M, Immesoete P, et al. Vision loss after spine surgery:
review of the literature and recommendations. Neurosurg Focus 2007; (5):15.

addition, careful analysis shows that prolonged surgical proce-
dures �6.5 hours and/or substantial blood loss of an average of
44.7% of estimated blood volume are patient independent risk
factors.

The advisory recommends continuous monitoring of blood
pressure in high-risk patients and maintaining MAP within
24% of baseline or with a minimum systolic blood pressure of
84 mm Hg. Intravascular volume should be maintained with
adequate crystalloid or colloid formulations. Periodic blood
sampling to diagnose anemia is advised. There is no rec-
ommended threshold for hemoglobin level that may prevent
POVL. Therefore, current decision-making strategies for peri-
operative transfusion therapy apply. CVP monitoring may be
considered in high-risk patients. Precautions should be taken
whenpositioning the patient to avoid direct pressure on the eyes
and, in high-risk patients, to maintain the head in neutral posi-
tion above the level of the heart, if possible. Staged procedures
could be advised.The advisory committee considers procedures
as prolonged when they exceed an average of 6.5 hours (range
2–12 hours).

Postoperative management
Aside from worsened neurologic deficits and continued hem-
orrhage, airway patency should be a main focus, especially in
patients undergoing cervical spine surgery. It is in these patients
that a higher incidence of airway obstruction occurs if:
� Surgery involves multiple spinal levels
� Higher spinal levels are involved (C2–C4)
� There is prolonged surgical time
� There is excessive blood loss
� There is significant facial and/or airway edema
� A combined antero-posterior approach is used
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Thus, if some of the above criteria are met or if the intu-
bation was difficult, it is usually advised to keep the patient
intubated and ventilated in the immediate postoperative period.
The use of IV glucocorticoids and head elevation may help to
decrease airway edema that could reach a peak on postopera-
tive day 2 or 3. When planning for extubation, a member of the
anesthesia teammay be present, and the use of a tube-changing
stylet may be considered.
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Chapter

119 Anesthesia for trauma
Bishr Haydar

Introduction
Trauma continues to be a leading cause of morbidity and
mortality worldwide. Concerted efforts to prevent secondary
injuries and development of algorithmic approaches have
improved care and outcomes in patients suffering a wide array
of traumatic injuries.The role of the anesthesiologist in the care
of trauma patients varies worldwide, from preanesthetic assess-
ment and intraoperative management alone in some regions of
the world, to directing the entire continuum from the prehospi-
tal resuscitation to the critical care unit in others. This chapter
will focus primarily on preanesthetic assessment and intraop-
erative management, with a brief overview of the overall man-
agement of trauma patients.

“Unintentional injuries” continue to be the leading cause of
morbidity and mortality in the United States for people aged 1
to 44 years, with the majority of patient deaths due to motor
vehicle accidents and other blunt trauma. Homicide, mostly via
penetrating trauma, is the next most frequent cause of death in
young adults. In adults older than 44 years, trauma continues
to contribute significant morbidity and mortality, having been
the fourth leading cause of mortality for more than a decade.
In the elderly population, hip fractures carry a significant risk
of death, and fatal outcomes attributed to other causes (such as
pulmonary embolism or sepsis) may have been brought on by
the antecedent trauma.

The guiding principles in the care of trauma patients are:
� To treat all potentially life-threatening conditions in order

of severity,
� To prevent delay of an indicated treatment, prioritizing it

above establishing a definitive diagnosis, and
� To prevent secondary injuries.

Introduction to advanced trauma life support
Advanced trauma life support (ATLS) was developed in the late
1970s to create an algorithmic approach to the resuscitation of
the trauma victims. It has become the standard of care in the
initial evaluation and treatment of the trauma patient, although
it has never been subjected to a randomized trial. The ATLS
protocol structures the way the patient is assessed, beginning
with the ABCDE mnemonic (see next paragraph); it also gives
clear roles and responsibilities to each member of the surgical

or emergency medicine team to maximize the efficiency of the
initial approach. Life-threatening injuries are treated before the
diagnosis is firmly and fully established, with the goal of min-
imizing any delay. Multiple animal and human studies have
shown that, for injuries associated with massive and continu-
ing blood loss, delaying operative treatment in order to further
resuscitate or diagnose leads to worsened outcomes. Unstable
patients with insufficient vital organ perfusion will suffer from
any delay, and themore unstable the patient, the less necessary it
is for a definitive diagnosis to be established prior to instituting
treatment. Thorough examination, frequent reassessment, and
continuous monitoring, however, are critical as these patients
often have significant findings missed on initial assessment and
can suffer rapid clinical status deterioration.

On arrival to the emergency department, patients may
already have an airway device and/or an intravenous (IV)
catheter in place and, depending on the perceived initial sever-
ity of the injury, may also have a cervical collar and backboard
in place. ATLS begins with the primary survey, summarized in
the mnemonic ABCDE – Airway, Breathing, Circulation (and
hemorrhage control), Disability, and Exposure/Environmental
control.

Airway
Theneed for securing the airway via endotracheal intubation or
tracheostomy is determined by assessing both the current sta-
tus of the patient and the treatment goals. For example, patients
may be intubated for obstruction or impending obstruction
of the airway due to swelling or hematoma, for mental status
changes with failure to protect the airway or respiratory insuf-
ficiency, as well as to allow hyperventilation for severe closed-
head injuries (see “Airway management” and Table 119.1). If an

Table 119.1. Indications for definitive airway

Airway protection, e.g., GCS < 8 (or vomitus)
Inadequate ventilation, e.g., apnea, hypoxia, hypercarbia, airway bleeding,
severe carboxyhemoglobinemia
Severe maxillofacial injury
Impending airway obstruction, e.g., inhalational injury, pulsatile neck mass
Need for hyperventilation

GCS, Glasgow Coma Scale.
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airway device is already in place, its correct position must be
verified before proceeding further.

Breathing
Establishing, monitoring, and maintaining adequate ventila-
tion are based on the respiratory rate, pulse oximetry, capnog-
raphy, and physical examination of the thorax and abdomen,
including observation, auscultation, palpation, and percussion
(ultrasound is also being used increasingly). The goal of the
examination is also to rule out tension pneumothorax, open
pneumothorax, flail chest, and massive hemothorax. Initial
management includes supplemental oxygen, ventilatory assis-
tance with a bag-valve-mask device or endotracheal intubation,
placement of a chest tube if necessary, or the decision to per-
form a thoracotomy emergently.

Circulation
The next goal is to assess for adequate perfusion of vital organs,
including identifying sources of potentially exsanguinating
hemorrhage. On examination, the level of consciousness, skin
color, and pulse quality and rate are immediately assessed;
for critically injured patients, mean arterial pressure of 60 to
65 mmHg is thought to be adequate, although for patients with
impaired autoregulation from poorly controlled hypertension
or impaired cerebral or coronary vasculature, this value may be
insufficient. Rapid circulatory deterioration during the primary
survey can be caused by hemorrhage,massive hemothorax, ten-
sion pneumothorax, or cardiac tamponade. Until another diag-
nosis is made, the working assumption for hypotension must
be exsanguinating hemorrhage, and resuscitation with lactated
Ringer’s solution should be immediately instituted. Exsan-
guinating hemorrhage may occur into five locations – the out-
side environment, the peritoneum, the retroperitoneal space,
the thorax, and fractured long bones and their surrounding tis-
sues. External bleeding is best controlled with direct pressure;
internal compartments may require emergent surgical control.
Large-bore IV access is established as soon as possible, and
resuscitation is initiatedwithwarmed lactatedRinger’s solution.

Disability
Disability, or the neurologic status of the patient, is assessed
next, by evaluating the patient’s best prehospital mental sta-
tus, Glasgow Coma Scale (GCS) score (see Table 119.2), the
ability to move the four extremities, and pupil size and reac-
tivity. Mental status changes may be due to insufficient cere-
bral oxygenation or perfusion, direct cerebral injury, metabolic
derangements, or alcohol or drug intoxication.

Exposure and environmental control
This step is the final one of the primary survey. The patient is
undressed and briefly examined from head to toe, and obvious
exposures to ingested and environmental toxins are identified.

During the primary survey, monitoring is instituted includ-
ing electrocardiogram (ECG), blood pressure, and pulse

Table 119.2. GCS

Eye opening Spontaneous 4
To speech 3
To pain 2
None 1

Verbal response Oriented 5
Confused 4
Inappropriate 3
Incomprehensible 2
None 1

Best motor response Obeys verbal commands 6
Localizes painful stimulus 5
Withdraws from painful stimulus 4
Decorticate posturing (upper extremity flexion) 3
Decerebrate posturing (upper extremity extension) 2
No movement 1

Source: Teasdale G, Jennett B. Assessment of coma and impaired conscious-
ness. A practical scale. Lancet 1974; 2:81–84.

oximetry. Depending on the patient’s status and injuries, a uri-
nary catheter and gastric tube may be placed, and initial blood
laboratory samples, often including an arterial blood gas, may
be sent. Chest, cervical spine, and pelvic radiographs, along
with a diagnostic peritoneal lavage or Focused Assessment with
Sonography in Trauma (FAST) examination, are done as soon
as possible. The FAST examination is meant to rapidly diag-
nose hemorrhage by using ultrasonography on four primary
views – right upper quadrant, subxiphoid, left upper quadrant,
and suprapubic.

The secondary survey begins when the primary survey is
complete and resuscitation efforts are well established. This
survey includes a head-to-toe evaluation, a complete history
and physical examination, and any further laboratory tests and
imaging studies. A useful mnemonic for the minimum his-
tory required is AMPLE – Allergies, Medications, Past illness/
history, Last meal, and the Events and Environment that caused
the injury. The patient’s vital signs and status are continually
reassessed, as yet-undiagnosed injuries may cause rapid dete-
rioration.

During this initial resuscitation, the surgical team seeks to
identify immediate threats to the patient’s life; these threats
define the surgical priorities. Indications for emergent surgery
include airway compromise (cricothyroidotomy or emergency
tracheostomy), exsanguinating hemorrhage (laparotomy or
thoracotomy), or intracranial epidural or subdural hematoma
with mass effect. Indications for urgent surgery include limb-
threatening injuries, such as a vascular injury or compartment
syndrome; sight-threatening globe injuries; or injuries with a
high risk of sepsis, such as a bowel perforation.

Blunt trauma
For victims of blunt trauma, the primary ATLS survey should
identify obvious severe injuries, such as flail chest or large
open wounds. Life-threatening injuries that warrant immedi-
ate intervention include exsanguinating hemorrhage into the
thorax or peritoneum, tension pneumothorax, and cardiac tam-
ponade. Significant blunt thoracic injuries are common with
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high-energymotor vehicle collisions butmay even occur in falls
from standing height in the elderly population. Inmotor vehicle
collisions, blunt thoracic trauma is associated with high-speed,
unrestrained collisions with steering wheel deformity or exten-
sive vehicular damage. Fatalities at the scene of a motor vehicle
collision, rollover accidents, intrusion into the vehicle, or the
victim’s ejection from the vehicle are risk factors formore severe
injury and mortality. A pronounced initial clinical instability is
more predictive of the severity of injury than the mechanism of
injury itself. Prehospital death from blunt trauma is usually the
result of direct cardiac, aortic, and/or tracheobronchial injury.

Blunt aortic injuries are thought to occur from torsion,
deceleration with traction, or “osseous pinch,” i.e., compression
between bony structures. Predictors of an aortic injury include
age greater than 60, high-energy collision with chest wall defor-
mity, multiple rib fractures, pneumothorax, hemothorax, and
radiographic chest abnormalities. Such findings should lead
to further investigation via chest computed tomography (CT),
transesophageal echocardiogram (TEE), or angiography. Sug-
gestive chest radiographic findings include a widened medi-
astinum, abnormal aortic contour, large hemothorax, or right-
ward tracheal or esophageal deviation. Initial steps for blunt
aortic injury include reducing wall stress by lowering the heart
rate, usually below 100 bpm, and systolic blood pressure (SBP)
to below100mmHg; commonagents for this indication include
β-blockade and nitrates until definitive repair can be per-
formed. Contained aortic ruptures are at significant risk of
rebleeding within 24 hours.

Cardiac injuries from blunt trauma may include contu-
sion, infarction, or myocardial rupture. Cardiac contusion may
present with new bundle branch block, dysrhythmia, or unex-
plained persistent tachycardia, although hypovolemia must be
ruled out first. Myocardial infarction (MI) due to direct trauma
may occur due to coronary artery dissection and thrombosis,
often in the left anterior descending artery. An MI may also be
antecedent to the trauma, whether in a fall or a motor vehi-
cle collision. Myocardial rupture has a significant prehospital
mortality; overly aggressive fluid resuscitation may cause fur-
ther rupture. Myocardial rupture has also been described as
occurring several days after admission. Signs of cardiac tam-
ponade physiology, such as hypotension, muffled heart sounds,
distended neck veins, and equilibration of central venous and
pulmonary artery pressures,may be present.These patientsmay
require emergent thoracotomy, sometimes performed in the
emergency department, presenting additional risks for signif-
icant injuries and a high mortality rate.

Pulmonary injuries may include pneumothorax, hemotho-
rax, pulmonary contusion, tracheobronchial injuries, diaphrag-
matic rupture, and lung parenchymal injuries. Pulmonary
contusions typically develop over the first 24 hours and may be
complicated by pneumonia and acute respiratory distress syn-
drome. Tracheobronchial injuries in the setting of blunt trauma
are highly associated with death in the field; for patients who
survive, these injuries are often missed. Persistent pneumotho-
rax despite thoracostomy tube may suggest such an injury. As

many as 25% of patients with laryngotracheal injuries have no
clinical signs of injury on presentation; signs and symptoms
include local contusion, subcutaneous or mediastinal emphy-
sema, voice changes, stridor, and hemoptysis. Cricoid pressure
or attempts at endotracheal intubation may dislodge fractured
cricoid cartilage causing complete airway obstruction; for these
patients, surgical airway backup preparedness is imperative.
Although primary repair is most common, there are reports of
nonoperative management. Diaphragmatic injuries are associ-
ated with hepatic or splenic injuries; herniation of abdominal
visceral contents into the thorax is rare, especially after intuba-
tion and positive pressure ventilation are instituted. Rib frac-
tures, especially of three or more ribs, and particularly in the
elderly population, have been associated with pulmonary con-
tusions and pneumonia. Several studies have demonstrated sig-
nificant reduction in the incidence of pneumonia and ventilator
times in such patients when epidural analgesia is provided.
Esophageal rupture is rare in blunt trauma, and is usually asso-
ciated with high-energy collisions and multiple other injuries;
in that context, it could often be overlooked.

Blunt intra-abdominal trauma occurs via direct transmis-
sion of energy, such as crush injuries, or through sudden accel-
eration or deceleration, such as stretch injuries to vascular
beds or hollow viscera. Injuries to solid organs are most com-
mon, with splenic injuries outnumbering hepatic. Nonopera-
tivemanagement of solid-organ injuries is increasingly favored,
so urgent laparotomy for these reasons usually signifies a sig-
nificant injury or hemorrhage. Urgent laparotomy may also be
required when there is persistent hypotension or other signs
of continuing internal blood loss, severe gastrointestinal bleed-
ing, evidence of peritoneal irritation, pneumoperitoneum, or
diaphragmatic rupture. Massive fluid resuscitation may result
in abdominal compartment syndrome,manifesting as hypoten-
sion from decreased venous return, increased airway pressures,
renal dysfunction, and acidemia.

Crush injuries to the extremities may also precipitate
acidemia and renal dysfunction via compartment syndrome,
rhabdomyolysis and myoglobinuria. Bone injuries, especially
long bone and pelvic injuries, can result in fat embolism syn-
drome, with the classic triad of petechiae, hypoxia, and neuro-
logic manifestations occurring up to 24 to 72 hours after the
fracture. Mental status changes are typical, although focal neu-
rologic findings and seizures have been described. These find-
ings are typically self-limited, although crush injury syndrome
is associated with a mortality rate of up to 15%. Treatment
is supportive; in one study, prophylactic use of glucocorticids
was demonstrated to reduce the incidence of fat embolism syn-
drome, but no data exist supporting their use after the onset of
symptoms.

Penetrating trauma
For patients with penetrating trauma, a brief history may help
predict the degree of internal injury. First, there may be associ-
ated blunt trauma, including possible cervical spine injury, from
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falling after the penetrating insult or blast injury. Second, iden-
tifying themechanism of injury is very important. Stab wounds
cause less indirect injury than missile injuries. The projectile
characteristics, including the type and distance of the firearm
from the patient, help to predict the amount of concussive inter-
nal injury associated with the missile, separate from the direct
lacerating or cutting effect of the missile itself. A military rifle
bullet fired at short range, for example, exerts amassive amount
of kinetic and concussive energy when compared to a small-
caliber pistol bullet or shotgun blast at a greater distance. For
penetrating trauma victimswith no obvious trauma to the neck,
no history consistent with blunt trauma or loss of conscious-
ness, and a normal physical examination of the cervical spine,
the incidence of cervical spine injury secondary to this penetrat-
ing trauma is exceedingly low. For patients with a direct injury
to the trachea, intubation through the airway defect has been
described.

Blast injury
Explosions cause four distinct types of injury patterns. Primary
blast injury is the direct interaction of the blast wave with the
body tissue, whereas secondary blast injury is the interaction
of debris energized by the blast with the victim. Tertiary blast
injury is the injury sustained by the physical displacement of
the body by the blast wind, including tumbling and crush injury,
and quaternary injury includes all other types, including burn
injuries. Blasts in enclosed spaces are often more severe, as the
blast wave may reflect off the walls. Underwater blasts are simi-
larly much more injurious, as water is a better energy transmis-
sion medium than is air.

Primary blast injury affects most severely the borders
between substances of different densities, for example, at air–
tissue junctions in the ear, or air–fluid surfaces in the colon.
Blast injury to the thorax typically causes transient apnea,
bradycardia lasting up to an hour, andmore sustained hypoten-
sion. Blast injury to the lung may cause retrosternal chest pain,
dyspnea, dry cough, or hemoptysis; hemothorax, pneumotho-
rax, and/or alveolar hemorrhagemay ensue.These injuriesmay,
in fact, be more pronounced in victims wearing personal body
armor, due to internal reflections of the blast wave. Myocar-
dial ischemia or infarction and arrhythmia may result from
coronary emboli, including air. Intestinal injury occurs at the
air–tissue junctions and may cause immediate perforation or
significant contusion requiring resection to prevent perfora-
tion; solid-organ injuries are caused by physical displacement
of the body wall. Sensorineural deafness is common, with per-
manent hearing loss occurring in 55% of patients. Traumatic
limb amputations usually occur through a long bone shaft and
not through joints.

Secondary blast injuries are similar in character to other
high-energy penetrating trauma; any debris in the victim’s envi-
ronment, including radiolucent materials, may be a potential
missile.The “blast winds,” or the initial wave of energy from the
explosion, which may be as fast as 100 mph, can also energize

the trauma victim, causing tertiary blast injuries and significant
blunt trauma. Quaternary injuries may be immediately identi-
fied, such as surface burns and inhalational injury, but may also
be significantly delayed, as with acute stress disorder and post-
traumatic stress disorder.

Airwaymanagement
Victims of severe trauma are often intubated in the field,
whereas those with minor trauma may only require intuba-
tion with general anesthesia for surgical interventions. For all
patients, the first resuscitation step is to confirm that a patent
airway is present and that ventilation and oxygenation are ade-
quate. Upper airway obstruction may occur as a direct result
of trauma, such as pharyngeal swelling or bleeding, presence of
foreign bodies in the airway, laryngeal injury, or hematoma; it
may also be due to secondary causes, such as incorrectly applied
oropharyngeal airways, unrecognized esophageal intubation, or
vomitus in the airway. Inadequate ventilation can result from
airway obstruction or other mechanical causes, such as pneu-
mothorax or hemothorax, tracheobronchial injury, aspiration
of gastric contents, or bronchospasm. It may also occur as
the result of decreased respiratory drive from traumatic brain
injury, intoxication, or administered medications (especially
opioids and sedatives). Several trauma-specific indications for
endotracheal intubation include the need formechanical hyper-
ventilation to decrease elevated intracranial pressure, to deliver
100%oxygen in patients with carbonmonoxide poisoning, or to
provide sedation for combative patients unable to comply with
urgent diagnostic testing. Importantly, trauma patients should
all be considered to be at high aspiration risk (“full stomach”),
as the associated catecholamine surge causes significant delay
in gastric emptying.

For patients with inadequate ventilation, the initial steps of
airway management include application of supplemental oxy-
gen, chin lift, and clearing of the upper airway, with placement
of an oropharyngeal airway and/or assisted with bag-valve-
mask ventilation. Jaw thrust and cricoid pressure may cause
movement of the cervical spine and should be used with cau-
tion. Similarly, placement of a nasal airway, NG tube, or nasal
intubation should be avoided in patients with suspicion of skull
base fracture, as there are reports of intracranial tube place-
ment. For patients who subsequently require a more defini-
tive airway, reproducing operating room (OR) conditions for
securing the airway can helpminimize complications and num-
ber of attempts needed. Basic monitoring such as noninvasive
blood pressure (cuff)measurement, 3- or 5-lead ECG and pulse
oximetry, along with some form of capnometry, is sufficient.
Suction and a functioning IV access are necessary, as well as
a laryngoscope with a variety of blades, a backup device for
difficult intubation such as laryngeal mask airway, and a bag-
mask-valve ventilator with an oxygen source. If emergent intu-
bation is needed, the patient’s position should be optimized,
withmanual in-line stabilization applied if indicated (see Chap-
ters 17 and 18). A succinct airway examination should always
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Table 119.3. Causes of hypotension

Hypovolemia (e.g., hemorrhage, “third-space” losses from burns,
neurogenic)

Loss of sympathetic tone (high spinal cord injury)
Impaired venous return (tension pneumothorax, pericardial tamponade)
Myocardial dysfunction (myocardial infarction, myocardial contusion, fat or

air embolism)
Arrhythmia
Medications, including ingestions or environmental toxins

be performed prior to intubation with the goal of identifying
the usual predictors of difficult mask ventilation or difficult
intubation, along with trauma-specific considerations, such as
facial fractures or markers of inhalational injuries. Surgical air-
way backup preparedness is vitally important. Please refer to
Part 2 for specifics of airwaymanagement techniques, including
the choice of awake versus anesthetized airway management,
induction agents, and use of muscle relaxants.

In patients with facial fractures, the decision to perform an
elective tracheostomy is dependent on the individual patient’s
injury characteristics and surgical plan. In one retrospective
review, approximately 12% of patients with facial fractures had
a tracheostomy performed concomitantly with the facial frac-
ture repair; tracheostomy was more common in patients with
LeFort III fractures or comminuted mandibular fractures and
in patients with lower GCS score on admission.

Circulation
In trauma victims, hypotension is most often the sign of sig-
nificant hemorrhage and empiric treatment is rapidly begun.
The list of differential diagnoses, however, must include disease
states specific to trauma patients as well as those present in the
general perioperative patient population (Table 119.3). Large-
bore IV access should be established in the emergency depart-
ment followed by infusion of 2 L of lactated Ringer’s solution,
or 20 ml/kg in children; if the hypotension persists, transfusion
of uncrossmatched type O blood should be considered.

In young, healthy patients, an acute hemorrhage of up to
40% of the patient’s blood volumemay have no apparent hemo-
dynamic effects other than tachycardia. In elderly patients or
those who take β-blocking agents, a class III (30%–40%) hem-
orrhage (Table 119.4)may not initially present with any obvious
hemodynamic signs either.

Table 119.4. Classes of hemorrhage

Heart
rate

Blood
pressure

Pulse
pressure

Respiratory
rate

Class I: <15%
blood volume

— —/� — —

Class II: 15%–30% � — � �
Class III: 30%–40% � � � �
Class IV: >40% � � � �

The goals of resuscitation in the OR setting are to main-
tain adequate vital organ perfusion and to prevent the cycle of
ischemia, capillary leak, acidosis, and immune system activa-
tion that leads to further organ dysfunction. To that end, mon-
itoring blood pressure, cardiac output, mixed venous oxygen
saturation, urine output, plasma lactate, and other surrogates of
perfusion adequacy should permit optimal goal-directed ther-
apy. Delaying definitive control of severe hemorrhage for fur-
ther resuscitation has been associated with increased mortality.
In animalmodels of uncontrolled hemorrhage, active reduction
in blood pressure occurs to decrease the rate of hemorrhage and
to allow the formation of a functional clot. In these same stud-
ies, resuscitation led to further bleeding and worse outcomes,
possibly due to mechanical disruption from higher blood pres-
sures or from dilution of clotting factors. So-called hypoten-
sive resuscitation, or permitting hypotension until definitive
hemorrhage control can be obtained, has been demonstrated
to reduce mortality in animal models. Bickell demonstrated
that, in young men with penetrating thoracic trauma, mor-
tality was reduced by limiting resuscitation prior to the OR.
Further studies have demonstrated the safety of hypotensive
resuscitation in patients without head trauma. In patients
with head trauma, hypotension is clearly associated with sig-
nificantly increased mortality. Similarly, data on hypotensive
resuscitation in patients with impaired autoregulation, such
as uncontrolled hypertension, are lacking. After hemorrhage
is controlled, prompt resuscitation and establishing adequate
perfusion becomes the primary goal.This “under-resuscitation”
approach may becomemore common, even though it is in con-
flict with the ATLS protocol, which, although never prospec-
tively studied, remains the de facto standard of care.

Significant diffuse hemorrhage, due to trauma-associated
coagulopathy, can still occur even after surgical control of
bleeding is achieved. Heat loss via conduction, convection and
radiation from exposed body areas, evaporation from visceral
surfaces, and via cold fluid infusion often causes hypother-
mia, possibly potentiating platelet and coagulation factor dys-
function. The plasma factor dysfunction may persist after
rewarming, due to denaturing of the proteins. Coagulation
tests such as prothrombin time and partial thromboplastin
time are performed on warmed samples that may overstate the
patient’s actual ability to form clot. Acidosis can also signif-
icantly decrease coagulation factor activity, effects additive to
these of hypothermia. Hemodilution and packed red blood cell
administration reduce clotting factors, platelets, and fibrinogen.
Finally, disseminated intravascular coagulopathy may develop,
especially in patients suffering from traumatic brain injury, fat
embolism, or multiorgan system failure. Prevention and rever-
sal of worsening coagulopathy is of paramount importance for
the survival of trauma victims.

Disability
Trauma to the central nervous system is associated with high
morbidity and mortality. Patients with a single episode of
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Table 119.5. Traumatic brain injury management goals

Maintain SBP > 90 mm Hg
Maintain O2 Sat > 90%
Mannitol 0.25–1 gm/kg
No evidence of benefit from hypothermia
ICP monitoring if GCS 3–8 and CT abnormalities
Maintain ICP < 20 mm Hg
Maintain CPP (MAP-ICP) 50–70 mm Hg
Use of barbiturates only for surgically refractory elevated ICP
Use of anticonvulsants to prevent early posttraumatic seizures (<7 d)
Avoidance of hyperventilation – used only as a temporizing measure
No evidence of benefit from glucocorticoids

ICP, intracranial pressure; CPP, cerebral perfusion pressure; MAP, mean
arterial pressure.

hypotension, defined as SBP�90mmHg, in the setting of cere-
bral trauma have a 40% higher mortality; long-term neurologic
deficits are often the primary concern. When brain or spinal
cord trauma is suspected or confirmed, and after airway and
exsanguinating hemorrhage are controlled, minimizing fur-
ther neurologic injury becomes the primary critical care goal.
For patients with traumatic brain injuries, guidelines are avail-
able from the Brain Trauma Foundation (management goals in
Table 119.5).

For patients at risk of having spinal injuries, preventing sec-
ondary injury is the mainstay of therapy. Immobilization of
patients with possible injury is the first priority; cervical col-
lar placement, manual in-line stabilization during direct laryn-
goscopy, and logrollmovement of the patient are necessary until
the injuries can be definitively ruled out, both clinically and
radiologically. The use of steroids for acute head trauma is not
indicated. The use of steroids for acute spinal cord injury is
controversial in the setting of incomplete blunt injury, and is

not indicated for penetrating spinal cord injuries. If steroids are
used and initiatedwithin 3 hours of injury, administer amethyl-
prednisolone bolus (30mg/kg IV) over 15 min, and after a 45
minute pause initiate an infusion of 5.4 mg/kg/h for 23 hours.
If steroid therapy is initiated within 3-8 hours of injury, con-
tinue infusion for a total of 47 hours. Although there is some
evidence of improved sensory andmotor scores in patients who
were administered steroids within 8 hours of injury, the use of
steroids may significantly increase the risk of infections, and
therefore remains controversial.
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120 Physiologic changes during pregnancy
Carlo Pancaro and William R. Camann

Pregnancy involves major anatomic and physiologic changes
in all the maternal organ systems. The anesthesiologist car-
ing for the pregnant patient must appreciate these physiologic
changes, to provide safe analgesia and anesthesia to the mother
and enable safe delivery of the fetus.

Cardiovascular system
Hemodynamic changes
Oxygen demand and consumption increase during pregnancy
because of the growing fetoplacental unit. To meet these
demands,maternal heart rate increases, and peripheral vascular
resistance decreases (Table 120.1).The cardiac output increases
progressively throughout pregnancy, beginning at 5 weeks and
reaching a value 50% greater than that in nonpregnant women
by the end of the second trimester.The next significant increase
in cardiac output is during the active phase of labor. It reaches its
peak increase immediately during the postpartumperiod, when
the uterus contracts and uterine vascular resistance increases.
Almost a liter of blood moves through the internal iliac veins
and the common iliac vein to the inferior vena cava.

Systemic vascular resistance decreases by 20% primarily
because of the development of the placental intervillous space,
which is a low-resistance vascular bed. In addition, the vasodi-
lation caused by prostacyclin, estrogen, and progesterone fur-
ther lowers the systemic vascular resistance. Left ventricular
ejection fraction and diastolic function are not significantly
changed with pregnancy, nor are central venous or pulmonary
arterial and venous pressures. In pregnant patients, the concen-
trations of markers for the diagnosis of congestive heart fail-
ure (e.g., brain natriuretic peptide) ormyocardial ischemia (e.g.,
troponin I) are not different from those concentrations in non-
pregnant women.

Aortocaval compression
At approximately the 20th week of gestation, the gravid uterus
starts to compress the aorta and the inferior vena cava in the
supine position.

Approximately 15% of pregnant patients near term develop
the “supine-hypotension syndrome” characterized by a tran-
sient tachycardia followed by bradycardia, hypotension,
changes in cerebration, nausea, vomiting, sweating, and pallor.

These symptoms are attributed to a lack of venous return
to the heart because of the uterus compressing the inferior
vena cava. Turning the gravid patient to the left (left uterine
displacement) by 15◦ to 30◦ generally improves the symptoms
(see Fig. 120.1). Left uterine displacement relieves the pressure
not only on the inferior vena cava but also on the aorta, which
is responsible for uterine perfusion pressure. When the uterus
is tilted, uterine perfusion pressure increases and the fetal
hemodynamics improve.

Compression of the vena cava diverts blood flow and
increases the pressure into the venous azygous system, thereby
increasing the pressure and volume of epidural veins. This can
increase the likelihood of venous cannulation during epidural
placement. Use of the lateral position, during which the epidu-
ral veins are less engorged, lessens this risk.

Blood volume
Red-blood-cell volume increases by 30% and plasma volume by
50%, resulting in an increase in the total blood volume of almost
50%. This increase causes a dilutional or physiologic anemia.
A greater increase in blood volume occurs with twin pregnan-
cies thanwith singleton pregnancies, which helps to prepare the
parturient for the 500-ml average blood loss during a singleton
vaginal delivery or the approximately 1000-ml blood loss dur-
ing a vaginal delivery of twins or an uncomplicated cesarean
delivery.

Table 120.1. Cardiovascular changes in pregnancy

INCREASE
Heart rate
Stroke volume
Cardiac output
Blood, red blood cell, and plasma volume

DECREASE
Systemic vascular resistance
Systolic, diastolic, and mean arterial pressure

UNCHANGED
Central venous pressure
Pulmonary capillary wedge pressure
Left ventricular ejection fraction
Left ventricular diastolic function
Troponin I
Brain natriuretic peptide
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Figure 120.1. Aortic and vena caval decompression demonstrated by lateral
tilt. Artwork courtesy of Marlena Bocian.

Auscultation, electrocardiogram,
and echocardiogram
An accentuation of the first heart sound occurs with exagger-
ated splitting of the mitral and tricuspid components. The sec-
ond heart sound is relatively unchanged. A third heart sound
is easily heard during the latter half of pregnancy. Sinus tachy-
cardia is common in pregnancy. Because there is some car-
diac enlargement with pregnancy, the tricuspid annulus may
enlarge, causing tricuspid regurgitation that can result in a
grade I–II early- to midsystolic murmur. The aortic annulus
is not dilated. Approximately 94% of term pregnant women
exhibit tricuspid and pulmonic regurgitation, and 27% exhibit
mitral regurgitation.

Blood pressure
Systolic blood pressure decreases by only 8% during pregnancy
due to the increased aortic size and compliance. Diastolic blood
pressure decreases by 20% due to the large decrease in systemic
vascular resistance.

Hemodynamic changes during labor
Cardiac output increases from prelabor values by 15% in the
first stage of labor, 30% in the second stage, and 45% in the
third stage (between delivery of baby and placenta). During
uterine contractions, cardiac output increases intermittently by
an additional 20%, because the contracting uterus forces blood
from the intervillous space through the ovarian venous system
into the systemic circulation (autotransfusion). A progressive
elevation of sympathetic nervous system activity and hence an
increase in stroke volume, heart rate, and contractility, com-
bined with the increased blood volume, is responsible for the
increased cardiac output throughout labor.

The greatest increase in circulating blood volume occurs
immediately after delivery when the uterus is steadily con-
tracted and the obstruction to vena caval and aortic flow
is relieved, increasing preload and increasing cardiac output.
Patients with cardiac disease are thus most susceptible to wors-
ening of their cardiac function in the postpartum period. In
the hour following delivery, cardiac output decreases by 30%

because of a decline in both stroke volume and heart rate. Car-
diac output declines to prelabor values after 2 days from the
delivery and returns to prepregnant levels within 3 to 6months.

Vasopressors
Ephedrine and phenylephrine are the vasopressors of choice
for the treatment of hypotension in pregnant woman, follow-
ing a regional anesthetic technique. Both drugs will increase
maternal blood pressure without significant adverse effects on
fetal perfusion or oxygenation.Themechanismof action differs,
however, as ephedrine increases cardiac output and phenyle-
phrine increases the peripheral arterial tone to a greater extent.
Ephedrine has traditionally been recommended because it may
preserve uteroplacental blood flow better in animal models. In
clinical practice, however, neonatal condition is identical and
umbilical cord blood gases are actually slightly better when
phenylephrine is used.

Respiratory system
Upper airway changes
The nasal and oropharyngeal mucosa progressively become
engorged early in the first trimester. Nasal endotracheal intu-
bation and direct laryngoscopy should be performed with fine
movements and extreme caution because oral, nasal, or pharyn-
geal bleeding may obscure the laryngoscopic view and make
intubation difficult. For the same reason, oral temperature
probes and orogastric tubes are preferred over the nasal route
after the induction of anesthesia.

The Mallampati score increases during gestation and more
so during labor. Because of edema, the pharyngeal volume
becomes smaller as labor progresses; this may be responsible
for the difficult visualization of the vocal cords under direct
laryngoscopy. In addition, the false vocal cords increase in size
due to capillary engorgement. Failed endotracheal intubation
in obstetric patients is reported to be 1:200 to 1:750, about 10
times more common than the general population. In general,
it is prudent to use smaller size endotracheal tubes for general
anesthesia during pregnancy.

Changes in respiratory mechanics
The position of the diaphragm rises by as much as 4 cm,
which would generally cause a decrease in the vital capacity in
pregnancy at term. The chest circumference increases by 5 to
7 cm, which negates the decrease in vital capacity, keeping it
unchanged (Table 120.2). Because chest excursions are lim-
ited because of the expanded thoracic cage in the resting posi-
tion, the diaphragm becomes the main inspiratory muscle in
term pregnant women. Due to the elevated resting position
of the diaphragm and larger diaphragmatic excursions during
inspiration, both tidal volume and minute ventilation increase.
For these reasons, PaCO2 decreases and PaO2 increases. These
changes and larger tidal volumes decrease physiologic dead
space at term.
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Table 120.2. Pulmonary changes in pregnancy

INCREASE
Diaphragmatic excursion
Tidal volume
Minute ventilation
Alveolar ventilation
Inspiratory reserve volume
Inspiratory capacity
PaO2
pH
Oxygen consumption
Mallampati score
False vocal cord size
Rate of induction of inhaled anesthetics

DECREASE
Chest wall excursion
FRC
Expiratory reserve volume
Residual volume
Physiologic dead space
PaCO2
HCO3
Time to become hypoxemic

UNCHANGED
Respiratory rate
Vital capacity
Small airway resistance
FEV1
FEV1/FVC
Closing capacity
Flow–volume loop
Anatomic dead space

The inspiratory reserve volume increases by only 5%, so
the inspiratory capacity (inspiratory reserve volume + tidal
volume) increases mainly because of the increase in tidal vol-
ume. In addition, the diaphragm in the resting position pushes
up the bases of the lungs, which causes a reduction in expira-
tory reserve volume, residual volume, and functional residual
capacity (FRC; expiratory reserve volume + residual volume).
Because small airway function is unaltered by pregnancy, forced
expiratory volume in 1 second (FEV1), ratio of FEV1 to forced
vital capacity (FVC), closing volume, and flow–volume loops
are all unchanged.

The anesthetic implications of these respiratory system
changes are profound. FRC is reduced to 80% of the non-
pregnant value by term gestation, bringing it closer to closing
capacity. For this reason, and due to the increase in oxygen con-
sumption, pregnant women become hypoxemic more rapidly
than do nonpregnant women during episodes of apnea. Dur-
ing rapid-sequence induction of general anesthesia, the PaO2
of parturients decreases at more than twice the rate when com-
pared to nonpregnant women (139 mm Hg/min vs. 58 mm
Hg/min). In addition, during induction of anesthesia, the alve-
olar inhaled anesthetic concentration increases more rapidly in
pregnantwomen, owing to the decreased FRCand the increased
minute ventilation. The decrease in PaCO2 and plasma bicar-
bonate levels lower the plasma-buffering capacity and render
the pregnant patient more vulnerable to metabolic acidosis in
case of hemorrhage.

Nervous system
During pregnancy, minimum alveolar concentration (MAC)
of volatile halogenated anesthetic agents decreases by 30%. In
postpartum women, MAC returns to that of the nonpregnant
state within 3 days of delivery. Three main factors account for
this change during pregnancy:
� Elevated level of progesterone, which acts on

� -aminobutyric acid (GABA) receptors and has sedative
effects;

� Increased central serotonergic activity; and
� Activation of the endorphin system.

For the same reasons, the induction dose of thiopental
in parturients is reduced by 35% compared to that dose in
nonpregnant women. Pregnancy also enhances sensitivity of
peripheral nerves to local anesthetics. Despite enhanced neu-
ral susceptibility during pregnancy, epidural administration of
large doses of local anesthetics (100–150 mg of bupivacaine)
results in the same degree of spread in term pregnant and
nonpregnant women. With spinal anesthesia, however, preg-
nant women exhibit a more rapid onset, longer duration of
action, and higher spread (25% reduction in the segmental dose
requirements) than do nonpregnant women, who receive the
same dose of local anesthetic. In addition, women experience
an elevation in their threshold to experimental heat pain at term
pregnancy, a phenomenon called pregnancy-induced analgesia.

Dependence on the sympathetic nervous system for main-
tenance of blood pressure increases progressively throughout
pregnancy. Spinal anesthesia in term pregnant women fre-
quently results in a marked decrease in blood pressure, whereas
nonpregnant women experience a lesser decrease.

Endocrine system
Pregnancy is associated with insulin resistance due to the hor-
mone secreted by the placenta – “human placental lactogen.”
Maternal hyperglycemia may be associated with fetal hyper-
glycemia, becausematernal glucose (but not insulin) crosses the
placenta. Near term, oxytocin is secreted by the posterior pitu-
itary (which may initiate labor), and after the birth of the baby,
prolactin is secreted by the anterior pituitary, which enhances
the production of breast milk.

Approximately 0.1% of pregnancies are associated with a
hyperactive thyroid gland. In addition, maternal estrogen and
progesterone cause enhanced renin activity, which in turn stim-
ulates the adrenal glands to secrete more aldosterone, resulting
in water and sodium retention.

Gastrointestinal system
Pregnancy is associated with an anatomic shift in the posi-
tion of the stomach caused by the gravid uterus. This shift
changes the angle of the gastroesophageal junction, resulting
in a decrease of the lower esophageal sphincter tone, which
results in heartburn in most pregnant women by term. Many
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anesthesiologists administer the antacid oral sodium citrate, 30
ml of a 0.3 M solution, prior to anesthesia or labor analgesia,
which neutralizes gastric acid and raises its pH. This antacid
may ameliorate the consequences of pulmonary aspiration of
gastric contents should it occur. In addition, some anesthesiol-
ogists administer 10 mg of intravenous metoclopramide, which
increases gastrointestinalmotility and lower esophageal sphinc-
ter tone. It is important to remember that drugs that increase the
risk of aspiration, primarily by lowering the esophageal sphinc-
ter tone, include glycopyrrolate, succinylcholine, and opioids.

Gastric emptying of liquid and solid materials is not altered
at any time during pregnancy, but is slowed markedly during
labor. Fentanyl (a 100-�g bolus epidurally or 25 �g intrathe-
cally) and virtually all parenteral opioids also significantly delay
gastric emptying during labor. On the other hand, epidural
analgesia using local anesthetics and a low dose of fentanyl (e.g.,
2 �g/ml) does not delay gastric emptying during labor.

Liver size, morphology, and blood flow do not change
during pregnancy, although the liver is displaced upward.
Liver enzymes (alanine aminotransferase, aspartate amino-
transferase, lactic dehydrogenase) and bilirubin increase to the
upper limits of the normal range during pregnancy. The total
alkaline phosphatase activity increases two- to fourfold, mostly
from production by the placenta.The rate of gallbladder empty-
ing slows, and the bile tends to concentrate, predisposing preg-
nant women to gallstone formation.

Renal system
Thekidneys enlarge and the ureters and renal pelvis and ureters
dilate as a result of increased progesterone levels. The dilation
of ureters and the pressure on the bladder from the enlarg-
ing uterus predispose pregnant women to urinary tract infec-
tions. Glomerular filtration rate increases by 50%, resulting in a
decrease of blood urea nitrogen (8–9 mg/dl) and serum creati-
nine (0.5–0.6 mg/dl) concentrations. The resorptive capacity of
the proximal tubules for glucose decreases, which leads to mild
glucosuria. In addition, increased secretion of erythropoietin by
the kidneys leads to an increase in red cell mass.

Coagulation and immune system
Pregnancy is a hypercoagulable state compensated by enhanced
fibrinolysis. D-dimer, a specific marker of fibrinolysis, which
results from breakdown of cross-linked fibrin polymer by plas-
min, increases as pregnancy progresses. The majority of coagu-
lation factor levels are increased. The activated partial throm-
boplastin time (aPTT) is normal and the prothrombin time
(PT) is shortened at term pregnancy. In addition, platelet
turnover is increased during pregnancy, although the total
count may remain normal or slightly decreased. Pregnancy-
induced thrombocytopenia with levels around 100,000 occurs
in approximately 8% of all pregnancies and is benign.

Plasma albumin concentration decreases from 4.5 to
3.9 g/dl. Levels of the �1-acid glycoprotein, the second most
important plasma drug binding protein, are not changed during
pregnancy. The plasma cholinesterase concentration decreases
by 25% in termpregnancy and decreases further postpartum. In
individuals with normal cholinesterase enzyme activity, there is
no clinically significant change in the duration of action of suc-
cinylcholine.The blood leukocyte count increases progressively
during pregnancy from 6000/mm3 to 9000 to 11,000/mm3 at
term.

Syncytiotrophoblast lacks classic major histocompatibility
complex (MHC) antigens, thus creating an immune-privileged
surrounding to maintain the fetal allograft. Modulating thymic
T-cell selection towardmature T-cell repertoire results in inhib-
ited T-cell activation and tolerance toward paternal HLA as
well as interleukin-10 (IL-10) production, which is required for
maintenance of pregnancy. Progesterone alters the TH-1/TH-
2 ratio toward the immunomodulatory TH-2 subset. These
changes set the state for improvement in mainly proinflamma-
tory sustained autoimmune disorders (i.e., multiple sclerosis)
but also potential harm by a decrease in immunocompetence
and predisposition to infections.

Musculoskeletal system
As the uterus enlarges during pregnancy, lumbar lordosis is
enhanced. This change is the primary cause of low back pain
that occurs in 50% of pregnant women. Awidening of the pubic
symphysis and the pelvis results in a head-down tilt when a
parturient is in the lateral position. The head-down tilt might
increase the rostral subarachnoid spread of hyperbaric local
anesthetic solutions when the injection is made with the patient
in this position. Pregnancy does not alter cerebrospinal fluid
(CSF) pressure, so CSF flow from a spinal needle is unchanged
(although uterine contractions during labor do increase CSF
pressure).
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121 Analgesia for labor
Arvind Palanisamy and B. Scott Segal

Labor pain causes extreme discomfort in most parturients,
especially nulliparas. Labor pain has been assessed to be among
the most severe types of pain. Therefore, to relieve the pain of
labor is one of the most important services that an anesthesiol-
ogist can provide to parturients.

Pain pathways
Uterine pain, which occurs during the first stage of labor, is
transmitted in the sensory fibers accompanying sympathetic
nerves that end in the dorsal horns of T10–L1 (Table 121.1).
Vaginal and perineal pain, which occurs during the second
stage of labor, is transmitted by the afferent fibers of the puden-
dal nerve (S2–S4). The transmitted signals are relayed to the
sensory cortex after processing in the spinal cord.

Anatomic changes in pregnancy
Several pregnancy-related anatomic changes are important for
the anesthesiologist to consider. Hormone-induced ligamen-
tous laxity, along with mechanical effects imposed by the
enlarging fetus, induces a number of anatomic changes in the
lumbar spine, which may lead to the following problems dur-
ing attempted neuraxial analgesia:

� Erroneous identification of the intervertebral space is due to
anterior rotation of the pelvis causing Tuffier’s line (line
connecting the interiliac crests) to cross the lumbar spine
at a higher level than the usual L4–L5 interspace.

� Unintentional head-down tilt can occur in the lateral
position, because the parturient’s pelvis is often wider than
her shoulders.

� Increased technical difficulty is due to a reduction in the
physical dimensions of the lumbar intervertebral space as a
result of exaggerated lumbar lordosis. Difficulty may be
compounded in an actively laboring parturient who is
unable to remain still.

� Enhanced rostral spread of hyperbaric local anesthetics is
due to a cephalad shift of the apex of thoracic kyphosis
from T8 to T6 in the supine position.

� Increased likelihood of vascular cannulation during epidural
placement can occur as a result of the engorgement of the
epidural venous plexus, due to inferior vena caval

compression by the gravid uterus and pregnancy-
associated increase in plasma volume.

Classification of labor analgesic techniques
Labor analgesia is most commonly provided by regional anes-
thesia techniques, but there are a number of alternatives avail-
able (Table 121.2).

Inhalational analgesia
A mixture of 50% nitrous oxide (N2O) and 50% O2
(ENTONOX; The Linde Group, Worsley, Manchester, UK),
which is widely used in the United Kingdom, has never become
popular in the United States probably due to higher epidural
rates along with concerns of bone marrow toxicity from pro-
longed exposure to N2O. Halogenated agents, in sub-anesthetic
concentrations, have also been shown to possess equianalgesic
effects during the first stage of labor. This mode of analgesia
requires an anesthetic delivery system in the labor room
and the presence of an anesthesiologist. With accumulating
laboratory evidence in rodent models implicating N-methyl-
d-aspartate (NMDA) antagonists and � -aminobutyric acid
(GABA) agonists in fetal neurodegeneration, the use of such
agents will continue to be widely debated.

Systemic opioids
Parenteral opioids are generally safe and reasonably effective
analgesics. They are often used in the presence of contraindi-
cations to neuraxial techniques or, occasionally, as a means
to defer the timing of epidural placement. The commonly
used agents include morphine, hydromorphone, meperidine,
fentanyl, and, recently, remifentanil. The main disadvantages
include sedation, maternal and neonatal dose-dependent respi-
ratory depression, and delayed gastric emptying. The problem

Table 121.1. Stages of labor and dermatomes

Stage I Uterine contractions to full
cervical dilation

T10–L1 (early T11–T12)

Stage II Full cervical dilation to birth T10–S4 (addition of S2–S4 –
pudendal nerve)

Stage III Placenta removal
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Table 121.2. Labor analgesic techniques

Non-regional techniques
Pharmacologic
Inhalational analgesia
Systemic opioids, including PCA

Nonpharmacologic
Acupuncture
Transcutaneous electrical nerve stimulation (TENS)
Hypnotherapy
Prepared childbirth techniques (Lamaze)
Hydrotherapy

Regional techniques
Neuraxial
Lumbar epidural
CSE
Continuous spinal

Non-neuraxial
Paracervical nerve block
Pudendal nerve block

of fluctuating plasmadrug levels that are incongruentwith anal-
gesic requirements may be attenuated with the use of patient-
controlled analgesia (PCA).The favorable properties of fentanyl
(quick onset) or remifentanil (unique non-saturable metabolic
pathway and easy titratability) make them appealing choices for
intravenous (IV) PCA. Unfortunately, most studies comparing
neuraxial and IV analgesia find the latter to be far inferior in
relieving labor pain. It should be remembered that all opioids
(and most sedatives) suppress beat-to-beat variability (indica-
tive of fetal well-being) in fetal heart rate (FHR).

Other methods
A variety of alternative and complementary methods exist for
relief of labor pain. The efficacy is variable, risks are low, and,
in most circumstances, other than perhaps water immersion,
all are compatible with concomitant use of regional analgesic
techniques. Because non-neuraxial nerve blocks are experi-
mental (lumbar sympathetic block) or of largely historical inter-
est (paracervical block – abandoned due to high fetal levels of
local anesthetic), neuraxial techniques remain the widely used
techniques.

Neuraxial analgesia
Indications
Maternal request is a sufficient medical indication for pain
relief during labor and is a guideline repeatedly endorsed
jointly by the American Society of Anesthesiologists (ASA) and
the American College of Obstetrics and Gynecology (ACOG).
Recently, the ACOG directly endorsed the provision of neu-
raxial analgesia without meeting arbitrary milestones of labor
progress. More specific indications include:

� Maternal conditions that complicate or contraindicate
general anesthesia (e.g., morbid obesity, difficult airway,
malignant hyperthermia);

� Obstetric disease, which places the patient at high risk for
emergency delivery (e.g., severe pregnancy-induced
hypertension);

� Increased likelihood for operative delivery, such as
malpresentation and multi-fetal gestation; and

� Maternal coexisting disease (e.g., severe cardiac or
respiratory disease), where the sympatho-adrenal
consequences of unmitigated labor pain may be
detrimental.

Contraindications
Patient refusal, an uncooperative patient, uncorrected coag-
ulopathy, uncontrolled hemorrhage with severe hypovolemia,
and epidural site infection qualify as absolute contraindications.
All other contraindications (e.g., elevated intracranial pressure,
local anesthetic allergy, untreated systemic infection) are rela-
tive, and the risks versus benefits need to be carefully considered
to make an individualized decision on whether to proceed with
a neuraxial technique.

Preparation for neuraxial blockade
The usual preparation for any anesthetic should be undertaken
prior to labor analgesia. Because of the unique clinical situa-
tion, there are some variations from the routine prior to surgical
anesthesia.

� Pre-anesthetic evaluation is obtained, including the
patient’s medical and anesthetic history, obstetric course,
and previous birthing experience, if applicable. A focused
physical examination (including the spine) is required, and
fetal well-being needs to be documented. The overall plan
of care is finalized after discussion with the obstetric care
provider.

� Consent is obtained after a detailed explanation of the
procedure and a discussion of possible complications and
alternatives should regional anesthesia fail. Ideally, consent
should be completed prior to the onset of active labor so
that the process is unhurried and unencumbered by severe
pain.

� Availability of monitoring, resuscitation equipment, and
IV access should be verified. It is customary for a majority
of labor rooms to be fully equipped for maternal and fetal
monitoring and have easy access to resuscitation
equipment and drugs. Not all ASA standard monitors
may be required for otherwise healthy patients. A large-
bore IV catheter, if not already placed, should be
secured.

� Aspiration prophylaxis and restriction of oral intake are
commonly employed, but controversial. Administration of
30 ml of a nonparticulate antacid, such as sodium citrate,
precedes epidural placement. One should generally follow
prevailing institutional guidelines regarding restriction of
oral intake, as there is no robust evidence to support or
refute fasting. ASA guidelines recommend withholding
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solid food but allowing moderate amounts of clear liquids
in labor. Although it is routine to administer maintenance
IV fluids prior to epidural blockade (1–2 liters), fluid
preloading is not universally practiced.

� The Joint Commission “safety pause” should be performed
prior to beginning the procedure. The name, date of birth
of the parturient, and proposed technique should be
verbally confirmed by all personnel in the labor room,
including the patient.

Monitoring the fetus
FHR is generally monitored either intermittently or continu-
ously during labor, and should be available when performing
neuraxial analgesia. The most important features of the trac-
ing are variability and periodic changes in relation to uter-
ine contractions, although one should be aware of the risk of
false-positive results. Normal FHR ranges between 120 and
160 bpm. Sympathetic stimulation, prematurity, and mater-
nal fever increase the FHR, whereas parasympathetic (vagus)
stimulation, hypoxia, uterine contractions, and fetal head com-
pression decrease FHR. FHR varies constantly from the base-
line, which reflects a healthy fetal nervous and cardiac system.
FHR variability may be decreased by prematurity, hypoxia,
depressant drugs (opioids, magnesium, barbiturates, benzodi-
azepines), and inadequate uteroplacental blood flow.

FHR decelerations can be classified as early, late, or variable,
according to their characteristics (Fig. 121.1). Early deceler-
ations are normal and are caused by fetal head compression
during uterine contractions, resulting in vagal stimulation
and slowing of FHR. The onset and offset of the deceleration
coincides with the onset and offset of the uterine contraction,
producing a mirror image. Late decelerations occur due to any
cause compromising uteroplacental blood flow, such as mater-
nal hypotension, acidosis, hypovolemia, and preeclampsia. The
FHR usually falls at or after the peak of the uterine contraction
and returns to baseline after the contraction has ended. The
occurrence of late decelerations calls for urgent evaluation
of fetal well-being. Variable FHR decelerations are variable
in their duration, timing, and intensity and are often caused
by compression of the umbilical cord. Variable decelerations
are usually self-limiting and may be mild (�30 sec, FHR �
80 bpm), moderate (30–60 sec, FHR = 70–80 bpm), or severe
(�60 sec, FHR � 70 bpm). Persistent or severe variable decel-
erations may lead to fetal acidosis and call for urgent evaluation
and/or intervention.

Description of neuraxial techniques
Neuraxial analgesia for labor can be provided with epidural
analgesia, combined spinal–epidural (CSE) analgesia, or con-
tinuous spinal anesthesia. Continuous spinal anesthesia is usu-
ally done to convert a “wet tap” or unintentional dural puncture
into spinal anesthesia.

Early

Late

Variable

Uterine
contraction

FHR

Uterine
contraction

FHR

Uterine
contraction

FHR

Figure 121.1. Early, late, and variable FHR decelerations.

Epidural analgesia
The anesthesiologist is called at the appropriate time (cervi-
cal dilation at 3–4 cm, engagement of fetal head, absence of
fetal distress) to administer analgesia for labor. The technique
of epidural analgesia is described in Table 121.3.

Table 121.3. Conduct of epidural analgesia for labor

Monitors On
Position of patient Supine (usually)/lateral
Back preparation Povidone-iodine (Betadine; Purdue Pharma

L.P., Stamford, CT) × 3 times and draped
Lumbar space L3–L4/L2–L3
Local infiltration 1–2 ml of 1% lidocaine
Needle 17G or higher gauge Tuohy
Technique Loss of resistance to air/saline
Wet tap Remove needle and go one space above
Epidural catheter insertion 2–4 cm into epidural space
Aspiration of catheter Negative for heme and CSF
Test dose 3 ml of 1.5% lidocaine with 1:200,000

epinephrine
Agent 0.25% bupivacaine 5- to 10-ml bolus
Desirable level of anesthesia T10
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Epidural test dose
Due to the risk of accidental dural puncture or intrathecal
migration of catheter and a relatively high incidence of vascu-
lar cannulation, it is essential to exclude these in a setting where
administration of large volumes of local anesthetics is antic-
ipated, as during the course of labor. A traditional test dose
addresses both of these concerns by using a combination of
local anesthetic and epinephrine to identify intrathecal migra-
tion and intravascular location, respectively. Test dose regimens
using air, opioids, or �-adrenergic agonists (e.g., isoproterenol)
have also been described.

The commonly used test dose consists of 45 to 60 mg of
lidocaine (occasionally bupivacaine, 6–10 mg) with 15 µg of
epinephrine. Development of motor block within 5 minutes
of injection is considered evidence of intrathecal catheter
location; an isolated increase in the baseline heart rate by 25
to 30 bpm 20 to 40 seconds after injection is highly suggestive
of intravascular placement. Because of confounding influences
associated with uterine contractions, an unpredictable inci-
dence of heart rate elevation with epinephrine, and possible
deleterious effects on uteroplacental circulation, employment
of a test dose is not ubiquitous. Some authorities suggest that
explicit test dosing is unnecessary when dilute concentrations
of local anesthetics are used. Given potentially disastrous
consequences, however, meticulous fractionation of every
bolus dose, along with maintenance of verbal contact with the
parturient to identify suspicious symptomatology (perioral
tingling, tinnitus), seems prudent.

Local anesthetics
The ideal local anesthetic for labor analgesia should provide
excellent sensory analgesia while minimizing motor blockade,
have a rapid onset of effect and a long duration of action, and
cause no disruption to maternal–fetal physiology. An excellent
sensorimotor differential blockade at low concentrations, a rea-
sonably long duration of effect, and an established safety profile
in obstetric practice and minimal transplacental transfer make
bupivacaine a popular choice. With the use of large-volume,
low-concentrationmixtures and the addition of opioids to facil-
itate segmental analgesia, the usual slow onset of action of
bupivacaine is not a concern. Due to a reduction in the abso-
lute mass of drug administered, bupivacaine cardiotoxicity is
extremely uncommon in labor analgesia.

Ropivacaine, which has a lower potential for cardiotoxic-
ity than does bupivacaine, is a reasonable alternative, albeit a
more expensive one. Levobupivacaine (the selective S isomer of
bupivacaine) is also less toxic but is currently unavailable in the
United States. Lidocaine causes significant motor blockade at
analgesic concentrations and has a higher rate of transplacen-
tal transfer and the potential to induce tachyphylaxis. For these
reasons, lidocaine is not a good choice for maintenance of labor
analgesia. Its use as a test for a questionable epidural catheter, or

to supplement analgesia (e.g., 5–10 ml of 1.5%–2% lidocaine),
is reasonable.

Choice of adjuncts
Theaddition of neuraxial opioids, which display significant syn-
ergism with local anesthetics, enables an overall reduction of
local anesthetic dose andminimizes toxicity. Lipophilic opioids
(e.g., fentanyl), in particular, also produce segmental analgesia
and are shown to reduce the required concentration of local
anesthetic. Administration of �2-adrenergic agonists, such as
clonidine, prolongs the duration of analgesia without causing
excessive motor blockade. The main side effects are sedation
and hemodynamic instability. Vasoconstriction associated with
epinephrine use decreases the clearance of epidurally adminis-
tered local anesthetics and opioids and prolongs the duration
of analgesia. It also provides direct analgesic effects through
�2 agonism. Side effects include an increased density of motor
block and possible �2-receptor–mediated tocolysis.

Maintenance of analgesia
Intermittent bolus administrations, either timed or on demand,
can provide effective analgesia during labor. High incidence of
maternal dissatisfaction, occurrence of dense motor blockade,
and an increased anesthetic workload resulted in the use of
continuous epidural infusion (CEI) of dilute local anesthetics
with or without an opioid. Although CEI provides a more sta-
ble level of analgesia and hemodynamic stability, supplemental
top-ups are usually required during the course of labor. Patient-
controlled epidural analgesia (PCEA), with or without a back-
ground infusion, provides better maternal satisfaction as well
as decreases the total dose of drug administered. Examples of
sample mixtures and parameters are listed in Table 121.4.

Ambulation and progress of labor
Effective analgesia with retention of the ability to ambulate
(before placement of an epidural) remains the ideal goal in

Table 121.4. Examples of suggested PCEA regimens

Anesthetic
mixture

Infusion
rate,
ml/h

Bolus
dose,
ml

Lockout
interval,
min

Hourly
maximum,
ml

Bupivacaine 0.125% 6 6 15 30

Bupivacaine 0.125%
with 2 µg/ml fentanyl

4–6 6 15 30

Bupivacaine 0.0625%
with 2 µg/ml fentanyl

10–15 5 10 45

Bupivacaine 0.08%
with 2 µg/ml fentanyl

10 5 15 30

Bupivacaine 0.125%
with 1 µg/ml
sufentanil

5 5 15 25
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most obstetric units. Apart from significantly enhancingmater-
nal autonomy, ambulation is widely believed to reduce the
duration of the first stage of labor, but randomized trials
support neither this belief nor the common assertion that
gravity-mediated increased fetal descent results in a decreased
incidence of dystocia. The risk of postural hypotension, sub-
tle motor blockade, and impaired proprioception associated
with neuraxial blockade reinforces the need for constant mon-
itoring and nursing supervision during ambulation. Several
studies indicate that epidural analgesia does not increase the
incidence of cesarean deliveries. Some studies do suggest, how-
ever, that it prolongs the first stage of labor, especially in nulli-
parous women.

Combined spinal–epidural analgesia for labor
Early in labor, especially nulliparous women, may benefit from
a CSE analgesia technique (the “walking spinal”). The idea is to
inject only opioid (10–25 µg of fentanyl/5–10 µg of sufentanil),
or opioid and low-concentration local anesthetic (1 ml of iso-
baric 0.25% bupivacaine), through the spinal and activate the
epidural when needed (when true labor starts). This technique
provides a minimal motor block and adequate pain relief in
the early stages of labor, allowing the parturient to move about.
When active contractions set in, the epidural is activated after a
test dose. Alternatively, especially when used in active labor, the
CSE technique may be followed by immediate activation of the
epidural catheter by beginning a continuous infusion without a
bolus. Sufficient local anesthetic usually will be infused by the
time the intrathecal analgesia subsides.

The epidural space is reached by using the Tuohy needle. A
4.5-inch to 6-inch, 25G or 27G spinal needle is then introduced
through the epidural needle when a give-away sensation is felt
(pop) and cerebrospinal fluid (CSF) flow is seen. The two nee-
dles are stabilized by one hand, and the spinal agent of choice
is administered through the spinal needle. The spinal needle is
then withdrawn and an epidural catheter is threaded (2–4 cm)
into the epidural space. The patient is then quickly laid supine
from the sitting or lateral decubitus position.

Side effects and complications
Serious complications are, fortunately, rare, and onlyminor side
effects are more frequently encountered with labor analgesia.
These are listed in Table 121.5.

Table 121.5. Complications of epidural catheter placement for labor
analgesia

Hypotension Pruritus
Inadequate analgesia Excessive motor block
Urinary retention FHR abnormalities
Intrapartum fever Back pain
PDPH Subdural block
High or total spinal anesthesia Epidural hematoma or abscess
Accidental IV injection of local anesthetics

Hypotension
Transient hypotension is one of the commonest side effects
occurring with approximately equal frequency during CSE
or a standard epidural loading dose. Untreated hypoten-
sion causes maternal symptoms, decreases uteroplacental per-
fusion, and may result in fetal distress requiring prompt
treatment. Intravascular volume expansion, left uterine dis-
placement, bolus doses of IV ephedrine (5–10 mg) or phenyle-
phrine (20–40 µg), and supplemental oxygen therapy are
required in such cases.

Pruritus
Pruritus following intrathecal and, less commonly, epidural opi-
oids is usually dose-related and transient and requires no phar-
macologic intervention. Despite being distressful, reassurance
is all that is required in a majority of cases. Although not sup-
ported by literature, it may be a good practice to avoid neu-
raxial opioids in patients with a previous history of severe
opioid-induced pruritus and pruritus due to medical condi-
tions in pregnancy, such as symptomatic cholestasis and pru-
ritic urticarial papules and plaques of pregnancy (PUPPP). If
treatment is required, administration of either 25 to 50 mg
of diphenhydramine, 5 to 10 mg of nalbuphine, or 8 mg of
ondansetron may be considered. Severe pruritus may have to
be treated with a infusion of dilute naloxone.

Epidural failure
Thecauses of a failed epidural are numerous and canbe arbitrar-
ily classified into early- or late-onset failure. Early-onset failure
is usually recognized immediately after epidural placement and
can manifest as a unilateral or asymmetric block, a missed seg-
ment, or a complete absence of block. Common causes include a
malpositioned catheter and altered epidural anatomy (e.g., pre-
vious back surgery, severe scoliosis) preventing uniform spread
of local anesthetic. Recent evidence suggests that an epidural
placed as part of a CSE technique is more likely to result in a
successful block.

Late-onset failure manifests as breakthrough pain in a par-
turient with a previously effective epidural block. A visual
inspection to exclude dislodgement of the epidural catheter or
disconnection of themaintenance infusion ismandatory before
attempting any corrective measures. In the absence of such
causes, intravascular migration is the most likely reason, which
necessitates replacement of the catheter. Table 121.6 shows
approaches to troubleshooting a poorly functioning epidural
catheter.

Excessive motor block
With increasing emphasis on the use of dilute local anes-
thetic solutions for labor analgesia, the incidence of excessive
motor block is considerably lower than it has been in the past.
Although difficult to predict, it seems to occur more commonly
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Table 121.6. Labor epidural troubleshooting

Problem Presentation Identification Remedy

Total failure No block immediately or at any
time following placement

Ambiguous loss of resistance
Dislodgement of the catheter
Disconnection of the epidural infusion connectors
Undetectable block after 10 ml of 0.25%
bupivacaine or equivalent

Replace epidural catheter at or above previous site
Replace epidural catheter and tape it securely
Reconnect after ensuring adequate sterility
Replace epidural catheter at or above previous site

Partial
failure∗

Unilateral block
(Patient complains of motor and
thermal asymmetry)

Dermatomal pattern with sensory testing Top-up epidural with painful side in dependent
position. If no response in 10 min, withdraw
catheter by 1 cm and re-bolus (replace if
unsuccessful)

Missed segment Usually a subtle unilateral block between T12 and
L2 on sensory testing

Same as above, but add an opioid (50–100 µg of
fentanyl) for segmental analgesia

If in doubt, replace the catheter
Back pain
Perineal pain and rectal pressure

Possible occipito-posterior fetal head position
Rapid progress to second stage of labor

Top-up with at least 5–10 ml of 0.25% bupivacaine
+ opioid in semi-sitting position

Check sacral block and then same as above

∗ Always check PCEA usage, ensure an empty bladder, and verify progress of labor. Exclude possible uterine dehiscence in a parturient undergoing trial of labor
after cesarean delivery complaining of disproportionate pain.

in patients who receive multiple boluses during the course of
labor. A subjective complaint of excessive lower extremity heav-
iness is the usual harbinger. Reduction of the infusion rate or
temporary discontinuation is the appropriate first step. If PCEA
is employed, it may be prudent to discontinue the background
infusion while permitting demand boluses so that the possibil-
ity of rapid regression of block is minimized.

Urinary retention
Urinary retention commonly accompanies lumbar epidural
analgesia, and catheterization is routine in many labor units.
Use of neuraxial opioids, in particular, significantly increases
its incidence. Urinary retention in the postpartum period, fol-
lowing complete regression of the epidural block, is usually due
to obstetric rather than anesthetic factors.

Fetal heart rate abnormalities
Changes in the fetal heart rate (FHR) tracing (decrease in base-
line, decelerations) occur with both epidural and CSE tech-
niques. Transient bradycardia, however, is more common with
the CSE technique. Although distressing, these FHR changes
are usually self-limited and subside with conservative ther-
apy without modifying the obstetric outcome. Nevertheless, its
occurrence reinforces the importance of vigilant fetal monitor-
ing during and after the procedure. The mechanisms responsi-
ble for FHR changes are not clear, but uterine artery vasospasm
due to acute perturbation in maternal catecholamine levels
seems to be the most likely explanation. One recommendation
is an IV administration of ephedrine.

Intrapartum fever
An observed association between epidurals and intrapartum
fever has been confirmed by randomized studies. Maternal
pyrexia causes an increase in maternal antibiotic exposure and

neonatal sepsis evaluations, and direct toxicity to the fetal brain
has been suggested. Although the exact mechanism is still
unclear, thermoregulatory imbalances, a suppressive effect of
systemic opioids in women without epidurals, and inflamma-
tion have all been suggested as possible mechanisms. Recent
evidence, however, consistently supports an inflammatory
etiology.

Back pain
Forty percent of postpartumwomen experience lower back pain
regardless of the choice of analgesia, neuraxial or otherwise.
Multiple studies have consistently shown a poor correlation
between epidural analgesia and postpartum backache.

Unintentional dural puncture
The incidence of unintentional dural puncture, the wet tap, is
inversely related to the experience of the operator, varying from
1% to 8%. The consequences of a wet tap with the routinely
used 17G epidural needle can be quite debilitating. Post-dural
puncture headache (PDPH) complicates 50% to 80% of cases.
The commonly usedmanagement strategies following a wet tap
include:

� Placement of an intrathecal catheter: Threading an
epidural catheter into the subarachnoid space provides
reliable and excellent analgesia. It also obviates the need for
replacement of the epidural catheter, which in itself carries
a risk of an additional dural puncture. Intrathecal catheters
left in situ for more than 24 hours have been suggested to
reduce the incidence of PDPH compared to replacement of
the catheter, although the data are not consistent. In
addition, some anesthetists fear the risk of infection and
the potential for iatrogenic disasters on postpartum units
where the nursing staff are unfamiliar with such catheters.
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Table 121.7. Conduct of an epidural blood patch

Monitors On
Patient position Lateral/sitting
Lumbar space Same or near the first dural puncture site
Skin preparation Betadine × 3 times, local 1–2 ml of 1% lidocaine
Needle 17G Tuohy
Loss of resistance Air/saline
Autologous blood

collection (15–20 ml)
By assistant with full aseptic precautions

(Betadine skin preparation, sterile gloves, and
syringe)

Blood injection Via epidural needle
Patient position Supine for approximately 1 h

� Replacement of epidural at an alternate interspace: This
strategy requires no special precautions compared to an
intrathecal catheter, but risks inducing another dural
puncture and enhanced drug transfer across the
preexisting dural hole during an epidural bolus. Doses,
therefore, need to be fractionated and possibly reduced.
Prophylactic blood patching has not been shown to give
consistent results.

The headache usually occurs after 24 hours and is described
as a severe fronto-occipital headache, sometimes with neck
pain. Headache improves in the supine position and becomes
severe on sitting or standing (traction on the brain). Nausea,
vomiting, diplopia, or tinnitus may accompany the headache.

Treatment of PDPH includes conservative measures, such
as bed rest, fluids, analgesics, and caffeine (500 mg in a liter
of crystalloid) or an epidural blood patch, as described in
Table 121.7. Use of saline for a patch (instead of blood) is a less
effective means of treating the headache. Recently, fibrin glue
has been shown to be an alternative to blood for an epidural
patch. Although 85% to 90% of headaches are relieved after one
patch, the rest of the patients may need a second blood patch
(after 24 hours).

Rare complications
Location of the epidural catheter between the dura and arach-
noid membrane results in a subdural block. Although rare, this

may also be the cause of patchy epidural blocks. High or total
spinal blockmay occur due to unidentified subarachnoid place-
ment, intrathecal migration of an epidural catheter, or deterio-
ration of a subdural block with rupture of arachnoid induced by
a bolus dose. Unappreciated intravascular injection may occur
and lead to local anesthetic toxicity.
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Chapter

122 Anesthesia for cesarean delivery
Lawrence C. Tsen

The incidence of cesarean delivery (CD), which is defined as the
birth of a fetus through incisions in the abdomen (laparotomy)
and uterus (hysterotomy), has undergone progressive increases
and currently accounts for 15% to 30% of all deliveries in devel-
oped countries worldwide.

Indications
The common indications for CD include previous CD, cepha-
lopelvic disproportion, dystocia, fetal malpresentation, pla-
centa previa or abruptio placentae, prematurity, non-reassuring
fetal status, and patient request. A prior CD does not
require subsequent pregnancies to be delivered in this manner,
although a trial of labor after CD (TOLAC; which, if successful,
is referred to as a vaginal birth after CD [VBAC]) is an alterna-
tive, albeit declining, option.

Conduct and complications
of cesarean delivery
CD is usually performed via a low (suprapubic), transverse inci-
sion through the skin and uterus (Pfannenstiel incision), which
offers improved cosmesis andwound strength aswell as a reduc-
tion in bowel and omentum adherence, infection rates, and
blood loss. Vertical uterine incisions can be usedwhen the lower
uterine segment is underdeveloped (prior to 34 weeks of ges-
tation), in the presence of a large-for-gestational-age fetus or
multiple fetuses, or in truly emergent cases. Uterine exterior-
ization following delivery of the fetus and placenta facilitates
visualization and repair, particularly when the incision has been
extended laterally.

Complications of CD include hemorrhage, infection,
thromboembolism, hysterectomy, ureteral tract and vesical
injury, abdominal pain, uterine rupture in future pregnan-
cies, and death. Maternal morbidity and mortality still vary
widely; however, in most developed nations, maternal death
averages 10 to 30 per 100,000 CD, a rate minimally higher
than for vaginal delivery. Infant and neonatal mortality fol-
low similar patterns and rates, but are higher following CD,
most likely reflecting the conditions prompting non-elective
deliveries.

Preparation for anesthesia
A review of the maternal medical, anesthetic, and obstetric his-
tory, allergies andmedications, an assessment of baseline hemo-
dynamics, and an airway, heart, and lung examination should be
performed before providing anesthesia care. Acknowledgment
of the risks and benefits of each anesthetic option should be
discussed as part of the informed consent. Major hemorrhage
can occur at any time in the peripartum period and remains a
leading cause ofmaternalmortality. Risk factors for peripartum
hemorrhage should be identified and preparations made. Basic
monitors should be applied; invasive hemodynamic monitor-
ing should be considered in women with severe cardiac or renal
disease, refractory hypertension, pulmonary edema, or unex-
plained oliguria. An evaluation of the fetal heart rate by a quali-
fied individual may be useful before and after administration of
anesthesia to reduce fetal and neonatal complications.

NPO status and gastric optimization
NPO status should be assessed, although gastric emptying of
liquids during pregnancy occurs relatively quickly and sim-
ilarly in lean or obese, non-laboring, pregnant women. The
uncomplicated patient undergoing labor or elective CD can
drink modest amounts of clear liquids up to 2 hours prior to
induction of anesthesia. Patients with additional risk factors
for aspiration (e.g., morbid obesity, diabetes, difficult airway)
or patients at increased risk for operative delivery (e.g., nonre-
assuring fetal heart rate pattern) may have further restrictions
of oral intake, determined on a case-by-case basis. Solid foods
should be avoided in laboring patients and in those undergoing
elective surgery (e.g., scheduled CD or postpartum tubal liga-
tion). A fasting period of 6 to 8 hours for solids has been recom-
mended. A nonparticulate antacid (sodium citrate) is believed
to decrease the damage to the respiratory epithelium if aspi-
ration occurs, and is customarily administered. Additionally,
metoclopramide may decrease nausea and vomiting and facili-
tate gastric emptying.

Selection of anesthetic technique
In addition to the urgency and anticipated duration of the case,
the most appropriate anesthetic for a CD depends on maternal,
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Table 122.1. Advantages/Disadvantages of neuraxial anesthesia

Advantages:
Minimal fetal exposure to drugs
Decreased incidence of maternal pulmonary aspiration
An awake mother with greater bonding with the neonate

Disadvantages:
Greater incidence of hypotension
Exposure to risks of neuraxial anesthesia

fetal, and anesthetic factors. In cases of dire fetal distress, a rapid
evaluation of the patient and the situation should be performed
as other preparations for the provision of anesthesia are being
made. Regardless of the degree of urgency, the anesthesiologist
should not compromisematernal safety by failing to obtain crit-
ical information, including previousmedical and anesthetic his-
tories and allergies, and to quickly assess the airway and basic
hemodynamics.

Overall, neuraxial (epidural, spinal, and combined spinal–
epidural [CSE]) techniques are the preferred methods for pro-
viding anesthesia for CD in both elective and emergent proce-
dures, and specific benefits and risks of each technique dictate
the eventual selection. Certain conditions or time constraints,
however, may contraindicate their use. Such comorbidities
include localized infection or generalized sepsis, severe uncor-
rected coagulation disorders, severe hypovolemia, or cardiac
pathologieswhere acute onset of hypotensionmay be detrimen-
tal. Severe obstetric hemorrhage in the antepartum period, and
severe preeclampsia or hypertension, may also complicate the
choice of anesthetic technique. Advantages and disadvantages
of neuraxial and general anesthetic techniques are summarized
in Tables 122.1 and 122.2.

Spinal anesthesia
This technique is the most common for anesthesia in elective
CD. For emergent CD, a general anesthetic is preferred. Spinal
anesthesia in emergent situations is administered only if (1)
time permits and (2) it is not contraindicated. A simple and reli-
able technique with rapid onset, spinal anesthesia provides an
awake and comfortable patient with minimal risks for aspira-
tion. Despite the lower abdominal cesarean incision, a T4 der-
matome level is required to prevent referred pain from traction
on the peritoneum and uterus.

Table 122.2. Advantages/Disadvantages of general anesthesia

Advantages:
Rapid onset and reliability
Airway control
Less hypotension than neuraxial

anesthesia

Disadvantages:
Increased risk of pulmonary aspiration
Drug-induced fetal cardiorespiratory

depression
Difficult airway management

Table 122.3. Conduct of spinal anesthesia

Monitors BP measurement every 2 min after spinal
administration for 15–20 min, electrocardiogram,
pulse oximetry

Patient position Sitting or lateral recumbent
Back preparation Betadine or chlorhexidine × 3 times
Lumbar space L3–4/L4–5
Local infiltration 1–2 ml of 1% lidocaine
Needle 25G or higher (need an introducer)
CSF flow Free flow; typically no heme or paresthesia
Agent 10–12 mg of hyperbaric (8.25% dextrose) bupivacaine

(0.75%)
Additives Fentanyl 10–25 mcg/morphine 0.2–0.3 mg,

epinephrine 1:200,000
Desirable level of
anesthesia

T4

Patient position Supine with left uterine displacement; tilt table toward
left and/or put a blanket roll under right hip)

Oxygen
supplementation

Nasal cannula/face mask

Hypotension Phenylephrine 40µg, ephedrine 5–10 mg, epinephrine
if life threatening, fluid supplementation, uterine tilt

Nausea Check BP (usually due to impending hypotension),
metoclopramide, ondansetron

BP, blood pressure; CSF, cerebrospinal fluid.

After a routine preoperative evaluation and obtaining
informed consent, the patient is brought into the operating
room. Typically, by this time the patient would have already
received placement of a large-bore intravenous [IV] catheter,
a nonparticulate oral antacid (30 ml of sodium citrate) and
frequently a promotility agent (10 mg of metoclopramide IV).
Anxiolytics are best avoided until after delivery. Patients are
placed on the operating table with a left uterine tilt to prevent
aortocaval compression. Supplemental oxygen via a nasal can-
nula or face mask is routinely provided to the mother, although
currently there is some controversy regarding the necessity of
this treatment. The conduct of spinal anesthesia is summarized
in Table 122.3.

After the baby is born, sedation, if required, can be given to
the mother (may interfere with recall). Times for skin and uter-
ine incisions and for the birth of the baby should be recorded
in the chart. Antibiotics are administered, per the request of the
surgeon. As soon as the placenta is delivered, 20 U of oxytocin
are added to each liter of fluid (40 U total) for increasing the
uterine tone (may cause hypotension and nausea). Addition-
ally, 0.2 mg of methylergometrine maleate (Methergine; Novar-
tis, East Hanover, NJ) may be given, intramuscularly (IM), if
requested by the surgeon. Parturients lose approximately 800
to 1000 ml of blood during the operation.

Epidural anesthesia
The use of epidural anesthesia for CD has increased during the
past two decades, primarily due to the growing use of epidu-
ral labor analgesia converted to surgical anesthesia for CD
(Table 122.4). Although the types of medications used in the
spinal and epidural space are similar, epidural doses are 5 to 10
times greater and given in much larger volumes to encourage
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Table 122.4. Conduct of epidural anesthesia with an epidural catheter
in situ

Monitors BP measurement every 2 min after spinal
administration for 15–20 min, pulse oximetry;
electrocardiogram when in the operating
room

Patient position Supine with left uterine displacement; tilt table
toward left and/or put blanket roll under right
hip)

Level check of existing
analgesia

Typically T10

Aspiration of epidural
catheter (gentle)

Negative for heme and CSF

Agent 2% lidocaine or 3% chloroprocaine; 5 ml × 4
times = 20 ml, as necessary

Additives Sodium bicarbonate: 1 ml for each 10 ml of
lidocaine or chloroprocaine

Desirable level of
anesthesia

T4

adequate spread and subsequent blockade. Advantages of the
epidural technique potentially include a lower incidence and
range ofmaternal hypotension, due largely to a gradually devel-
oping sympathetic blockade. In addition, catheter-based tech-
niques enable the anesthesiologist to titrate the level, density,
and duration of anesthesia. Opioids may be administered via
the epidural catheter, including morphine (2–3 mg) and fen-
tanyl (50–100 mcg). Morphine (2–3 mg) or fentanyl (50 mcg)
can be used. Sedation, oxytocin, and antibiotic administration
are similar to when spinal anesthesia is used.

For CD, the most common epidural agents used are 2%
lidocaine, with or without epinephrine (1:200,000), and 3% 2-
chloroprocaine, which is the agent of choice for emergent CD
due to its rapid onset and rapid maternal and fetal metabolism.
Fetal accumulation, especially when acidosis is present, is there-
fore minimized. By contrast, chloroprocaine is avoided for
routine, non-urgent deliveries, as the short duration requires
multiple doses, and its use can adversely affect the efficacy of
subsequent epidural opioid analgesia. In addition, when used
in higher total volumes (�40 ml), chloroprocaine can increase
the incidence of back pain. Alkalinization with sodium bicar-
bonate (1 ml of 8.4% sodium bicarbonate per every 10 ml of 2%
lidocaine or 3% chloroprocaine) hastens the onset and increases
the intensity of blockade significantly andmay be used in urgent
or emergent CD. Alkalinization should not be used with certain
(particularly longer acting) local anesthetics (e.g., bupivacaine)
due to the low threshold for precipitation.

Combined spinal–epidural anesthesia
The principle advantage of the CSE technique is the ability to
deliver a quick and reliable spinal anesthetic with the oppor-
tunity to augment the density or duration of the anesthesia
through the epidural catheter. This technique is particularly
useful in obstetrics, where delays in the commencement or
increases in the duration of surgery sometimes occur (e.g.,
possible placenta accreta, history of multiple abdominal surg-
eries, high index of suspicion for cesarean hysterectomy). The

CSE placement technique is discussed in Chapter 121. Local
anesthetic can be given through the epidural catheter if the
duration of surgery exceeds that of the initial spinal.

General anesthesia
Themortality andmorbidity associated with general anesthesia
for CD disfavor its use. It is important to remember that preg-
nant patients have a 4 to 5 times higher risk of a failed intuba-
tion or pulmonary aspiration of gastric contents than does the
general population. The speed of the surgeon is important, as
skin incision to delivery times greater than 8minutes or uterine
incision to delivery times greater than 3 minutes are associated
with greater fetal morbidity and mortality. In a case of failed
intubation and in the absence of fetal distress, the patient could
be awakened for a fiber-optic intubation or a regional anesthe-
sia technique. If surgery is to be continued, however, the patient
could bemask ventilated, a laryngeal mask airway (LMA) could
be inserted, or an intubating LMA could be used for airway
management. Conduct of general anesthesia is described in
Table 122.5.

After the surgical drapes have been applied and the oper-
ating personnel are ready at the bedside, the surgeon should
be instructed to hold the initial incision until the anesthesia
provider secures the correct placement of the endotracheal tube
and gives a verbal confirmation to proceed with the opera-
tion. A rapid-sequence inductionwith full cricoid pressure after
induction with thiopental at 3 to 5 mg/kg and succinylcholine
at 1 to 2mg/kg is performed. Ketamine at 1 to 1.5 mg/kg or eto-
midate at 0.2 to 0.3 mg/kg should be substituted for thiopen-
tal if hemodynamic instability is present prior to induction. It
should be remembered that muscle relaxants do not cross the
placenta and, therefore, do not affect the fetus. Oxygen (100% if
fetal compromise) or in a 50%mixture with nitrous oxide and a
volatile anesthetic as necessary should be provided until deliv-
ery. Upon delivery, nitrous oxide can be initiated or its con-
centration increased to 70%. The concentration of the volatile
anesthetic, which causes uterine relaxation, should be reduced
after delivery to limit its effect on uterine tone.

Table 122.5. Conduct of general anesthesia

Aspiration prophylaxis Sodium citrate: 30 ml, within 30 min of
induction, if possible

Metoclopramide: 10 mg IV, preferably 30 min
prior to induction; avoid rapid IV push

Position Supine with left uterine displacement
Preoxygenation 3 min/4–8 deep breaths of 100% oxygen
Induction Rapid-sequence with cricoid pressure, thiopental

3–5 mg/kg, succinylcholine at 1–2 mg/kg
Incision If emergent CD as soon as patient is intubated
Intubation Usually a smaller size endotracheal tube

(6- to 6.5-mm diameter), orogastric tube
Maintenance Oxygen, inhalational agent (low concentration),

muscle relaxant
After baby is delivered Antibiotics, oxytocin, opioids
Reversal of muscle

paralysis
Neostigmine and glycopyrrolate

Extubation Awake
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Postoperative recovery
Postoperative recovery includes following the resolution of neu-
raxial block or recovery from general anesthesia and treating
complications or patient concerns.

Pain management
Over the past three decades, the greater efficacy of epidural and
spinal opioids for postsurgical analgesia has prompted a shift
from a systemic (IV or IM) to a neuraxial route of administra-
tion. Morphine has emerged as the leading agent for post–CD
analgesia, due to its long duration of action and low cost. Mor-
phine administered intrathecally (0.2–0.3 mg) or epidurally
(2–3 mg) appears to provide optimal post–CD pain relief with
limited side effects. Due to a low lipid solubility, the peak anal-
gesic effects of morphine are delayed (60–90 minutes), but pro-
vide reliable analgesia for up to 24 hours.

The local anesthetic selected for epidural anesthesia may
influence the efficacy of epidural morphine. Parturients who
received 2-chloroprocaine (a short-acting, rapid-onset local
anesthetic used primarily for emergent CD) versus other local
anesthetic agents appear to demonstrate significantly shortened
duration of epidural morphine analgesia, in some cases to less
than 3 hours. Because post-CDpain includes both somatic pain,
which can be relieved by local anesthetics and opioids, and vis-
ceral pain, which can be more difficult to treat, a multimodal
approach to pain relief, include nonsteroidal anti-inflammatory
drugs (NSAIDs), such as ketorolac (15–30 mg IV), has been
suggested.

Management of anesthetic complications
For a more detailed list of complications of obstetric regional
anesthesia, please refer to Chapter 121.

Inadequate neuraxial anesthesia
Approximately 4% to 13%of epidural anesthesia techniques and
0.5% to 4% of spinal anesthesia techniques fail to provide a suf-
ficient anesthetic block for the initiation or completion of the
surgical procedure. Epidural techniques are more likely to be
associated with failure, given their often earlier placement dur-
ing labor and the ability of the catheter to migrate out of the
epidural space. Factors that may correlate with failed in-situ
labor epidural catheter for CD include an increased number of
bolus doses for the provision of labor analgesia, patient charac-
teristics (bodymass index [BMI], distance from skin to epidural
space), initial type of technique used (CSE vs. epidural), and the
time elapsed from the initial placement to the CD.

A failed block can be defined as insufficient in height, den-
sity, or duration after an appropriate dose of local anesthetic
to provide anesthesia for a CD. Steps to reduce a failed block
include beingmeticulous in the technical aspects of the original
placement attempt, using solutions consisting of local anesthet-
ics with opioids, and better understanding the characteristics

of an epidural versus spinal blockade. Moreover, the patient
should be prepared to expect the sensation of deep pressure
and movement, yet be reassured that reports of discomfort or
pain will be addressed. Shoulder pain can originate from irrita-
tion of the diaphragm or prolonged extension of the arms and is
mediated by the phrenic nerve (C3–C5). Additional discomfort
can occur from visceral stimulation, such as uterine manipu-
lation, which often involves the greater splanchnic nerve (T5–
T10). Also, inadequate anesthesia can result from regression of
the block from a cephalad or caudad direction.

If an inadequate, partial block exists in an elective situa-
tion prior to incision, either (1) the operative procedure can be
postponed to allow resolution of the block, or (2) a repeat neu-
raxial technique may be performed. After a failed, but partial,
epidural or spinal technique, the use (and amount of drug to
be used) of a spinal technique is controversial. In this setting,
a repeat spinal with more than 10 mg of bupivacaine has been
observed to result in a high spinal block. Possible approaches
to this problem include reducing the dose of anesthetic, using a
semi-sitting (Fowler’s) position to limit the cephalad spread of
the local anesthetic, employing the CSE technique with a small
intrathecal dose and titrating the level with drugs administered
through the epidural catheter, or placing an epidural catheter
intentionally into the dural sac for use as a continuous spinal
catheter.

If the surgery has already commenced and the discomfort
is reported, asking the surgeons to temporarily halt surgical
manipulation while an assessment is made can be helpful. Low-
dose IV opioid (e.g., fentanyl at 1–2 mcg/kg or alfentanil at
5–10 mcg/kg) or nitrous oxide inhalation (50% in oxygen) and
anxiolysis (1–3 mg of midazolam) may be helpful. If a neurax-
ial catheter is in place, additional local anesthetics with opioids
should be added. Severe pain may require IV ketamine in 5-
to 10-mg increments, with the understanding that significant
sedation, loss of consciousness, and psychomimetic and amnes-
tic effects may occur.The obstetrician can use a local anesthetic
to infiltrate the wound or instill it intraperitoneally; however,
often at this point, the induction of general anesthesia with
endotracheal intubation should be considered.

High spinal
It is not uncommon for the parturient to report mild dyspnea
or reduced ability to cough, especially if the neuraxial blockade
has achieved a T2 level. If impaired swallowing or phonation,
unconsciousness, respiratory depression, or significant impair-
ment of ventilation occurs, a conversion to a general anesthetic
should be performed. High neuraxial blockade may also result
in cardiovascular sequelae, including bradycardia and hypoten-
sion. High neuraxial block can be caused by several mecha-
nisms, including an exaggerated spread of spinal drugs or an
unintentional dural or subdural puncture with administration
of epidural drugs. Although the use of lower doses of local
anesthetics has been proposed for patients less than 5 feet tall,
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patient variability may ormay not allow a reduced dose to work
with sufficient duration, or be entirely predictable in terms of
the cephalad spread.

Hypotension
The incidence of hypotension, defined as a 20% to 30% decrease
from the baseline systolic blood pressure or a systolic blood
pressure ≤ 100 mm Hg, ranges from 30% to 100% follow-
ing spinal anesthesia in parturients undergoing CD. A lower
incidence of hypotension (5%–63%) has been observed fol-
lowing the use of epidural anesthesia for CD, most likely due
to the slower onset of sympathetic blockade and the abil-
ity to titrate intravenous fluids and vasopressors during this
period.

When severe and sustained, maternal hypotension can
lead to an impairment of uterine and intervillous blood flow,
and can ultimately result in fetal hypoxia, acidosis, and/or
neonatal depression.Moreover, hypovolemia can altermaternal
well-being (i.e., mental status changes, nausea). The optimiza-
tion of maternal perfusion should be a primary goal of fluid
and vasopressor management throughout the perioperative
period.

The frequency of hypotension can be reduced with the use
of left uterine displacement and possibly by fluid administra-
tion. If hypotension ensues, however, the prompt selection and
use of a vasopressor and supplemental oxygen is essential. In
the absence of cardiac compromise or conditions that promote
capillary leak (i.e., preeclampsia, sepsis), the administration
of crystalloid at 10 to 20 ml/kg (approximately 500–1000 ml)
within 15 minutes prior to anesthesia is customary. The abil-
ity of this maneuver to decrease the incidence of hypotension,
however, remains doubtful. The higher cost and possibility of
allergic reaction or other side effects of colloids make them less
popular. The initiation of anesthesia, in any case, should not be
delayed to administer a fixed or arbitrary volume of IV fluid,
particularly in urgent or emergent cases. Hypovolemiamay also
be the result of uterine bleeding, which will continue until sur-
gical correction.

Ephedrine, a mixed �- and �-adrenergic agent, is the most
common vasopressor used to treat hypotension, causing less
vasoconstriction and uteroplacental blood flow than other
agents. Alternatively, phenylephrine (�-adrenergic agent) can
also be used for the prevention and treatment of maternal
hypotension. Definitive clinical data supporting the use of a
single agent, either ephedrine or phenylephrine, are lacking.
The restoration of maternal normotension is an important goal,
and the best strategy is a proactive response based on the clin-
ical situation. If hypotension is associated with low (�60 bpm)
maternal heart rate, ephedrine is indicated; if associated with a
relatively high (�80 bpm) heart rate, phenylephrine is indi-
cated. Moreover, if one agent is ineffective, the other should be
used. Epinephrine is the agent of choice to treat severe hypoten-
sion and bradycardia.

Nausea and vomiting
The incidence associated with CD is variable but as high as 80%,
depending on the preexisting symptoms, the anesthetic and
obstetric techniques, and the preventative and therapeuticmea-
sures taken. Correction of hypotension is an important early
step. Nausea may be best prevented by controlling hypoten-
sion, optimizing the use of neuraxial and IV opioids, improv-
ing the quality of the block, minimizing the surgical stimuli,
and judiciously administering the uterotonic agents. Further
treatment of nausea and vomiting mirrors that in nonobstetric
surgery.

Pruritus and shivering
Although pruritus following neuraxial blockade has a number
of postulatedmechanisms and treatments, a direct antagonist or
partial antagonist, such as IV nalbuphine 5 mg, appears to have
a greater effect than some other modalities. Alternately, a dilute
infusion of naloxone may be given IV for severe cases. Intra-
and postoperative shivering may also have several etiologies
and treatments. IV meperidine (12.5–25 mg), clonidine (150
mcg), doxapram (100 mg), ketanserin (10 mg), and alfentanil
(250 mcg) have all been demonstrated to be effective, although
meperidine appears to be the most consistently effective and
popular.
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Chapter

123 Obstetric hemorrhage
Cosmin Gauran and Lisa R. Leffert

Obstetric hemorrhage is an important cause of maternal and
fetal morbidity and mortality. In Western Europe and the
United States, it it is the second leading cause of maternal mor-
tality after pulmonary thromboembolism. During pregnancy,
uterine blood flow increases from a baseline level of 50 to
100 ml/min to 500 to 800 ml/min at term. Whereas uterine
blood flow represents less than 5% of cardiac output before
pregnancy, it constitutes roughly 12% of cardiac output at term.
As such, obstetric hemorrhage can lead to rapidmaternal exsan-
guination. In addition, the resulting hypotension or disruption
of the uteroplacental unit can lead to severe fetal hypoxia with
high associated morbidity and mortality.

Antepartum hemorrhage
Placenta previa
Placenta previa is a relatively common condition occurring in
1/200 of pregnancies. It is defined as the implantation of the
placenta in advance of the fetal presenting part, often involv-
ing partial or complete obstruction of the cervical os. Previa is
classified by the degree to which the placenta covers the cer-
vical os (Fig. 123.1): It is “complete” when the os is entirely
covered, “partial” when a portion of the os is covered, and
“marginal” when the placenta is adjunct to the os. Patients
with placenta previa typically present with painless vaginal
bleeding in the second or third trimester. Risk factors for pla-
centa previa include multiparity and prior placenta previa and
uterine surgery. The diagnosis is usually made by ultrasound
examination.

Obstetric management
In general, placenta previa necessitates a cesarean delivery. If the
placenta is low lying, with the border more than 2 cm from the
cervical rim, then vaginal delivery is often an option. The deci-
sion of when to deliver the fetus represents a balance between
maximizing fetal gestational age (thus minimizing the fetal
morbidity associated with premature delivery) and minimizing
maternal bleeding. Patients who are remote from termgestation
are typically managed expectantly, with bed rest and occasion-
ally tocolytics, blood transfusion as indicated, and monitoring
of fetal well-being. In the event of persistent fetal distress and/or

significant maternal bleeding, prompt cesarean delivery is indi-
cated, regardless of the fetal gestation.

Anesthetic management
As it is not uncommon for patients with placenta previa to
present for urgent cesarean delivery, it is crucial that an anesthe-
sia consult, including appropriate airway assessment, is under-
taken in a timely fashion. Adequate intravenous (IV) access
(usually peripheral, of at least 18G), and an active blood bank
sample are indicated. In the case of elective cesarean deliv-
ery with a low risk of placenta accreta (see Placenta Acc-
reta section), a regional technique (spinal) is usually preferred.
Some practitioners advocate the use of an epidural (or com-
bined spinal–epidural), so that the block can be extended if the
surgery is prolonged. Emergent cesarean delivery due to severe
fetal distress or maternal instability is best managed by gen-
eral anesthesia. Etomidate may be indicated for induction if the
patient is hypotensive.

Placental abruption
Placental abruption is defined as a premature separation of the
placenta prior to delivery. The incidence in the general popu-
lation is between 3.4 and 7.9 per 1000 pregnancies. This con-
dition is associated with various maternal conditions, such as
hypertension, current smoking, cocaine abuse, trauma, prema-
ture labor, and prior history of abruption.

The clinical presentation of placental abruption is more
variable than that of placenta previa (Table 123.1). Notably,
the hemorrhage may be concealed between the uterus and
the placenta. In many instances, the accumulated blood serves

Table 123.1. Third-trimester bleeding

Placenta previa Placental abruption

Painless third-trimester bleeding Usually painful, third-trimester bleeding
Bleeding usually obvious Bleeding can be concealed inside the

uterus
Risk factors: multiparity, previous

uterine surgery, advanced
maternal age

Risk factors: smoking, cocaine use,
hypertension
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Figure 123.1. (A) Normal placenta; (B) placenta previa.

as a powerful uterine irritant, which in turn leads to uterine
contractions and further placental separation. The premature
separation of the placenta from the uterine wall can impair pla-
cental gas exchange.Depending on the size of the abruption and
whether it is acute or chronic, the fetal effects can be minimal
or severe, including intrauterine growth restriction (IUGR) or
fetal demise.

Obstetric management
The obstetric management of placental abruption depends on
the acuity of the presentation and the degree of fetal prema-
turity. A limited abruption in the premature fetus is usually
managed by maternal and fetal monitoring, administration of
steroids to the parturient to promote fetal lung maturity, and
tocolysis, if needed. Abruption that results in maternal hemo-
dynamic instability or severe fetal distress necessitates expedi-
tious delivery, either cesarean or vaginal (if the patient has been
laboring and delivery is imminent).

Anesthetic management
Regional anesthesia is the anesthetic technique of choice if
mother and baby are stable. It is important, however, to con-
sider that this patient population has the highest incidence
of consumptive coagulopathy among pregnant patients and
that routine coagulation tests (prothrombin time [PT], par-
tial thromboplastin time [PTT], platelets) should ideally be
checked before regional anesthesia. In the case of a large, acute
abruption with fetal distress or maternal hemodynamic insta-
bility, general endotracheal anesthesia with a rapid-sequence

induction (RSI) provides for a more expeditious delivery. Inva-
sive monitoring may be needed.

Uterine rupture
Uterine rupture is a relatively rare cause of obstetric hemor-
rhage, most often occurring during attempted vaginal birth
after cesarean delivery (VBAC). Additional risks factors include
abdominal trauma, multiparity and multiple gestation, and use
of oxytocin for labor induction or augmentation. The typ-
ical presentation of catastrophic uterine rupture is sudden
and unexplained fetal distress (fetal bradycardia, unexplained
tachycardia, or late decelerations). Parturients either (1) may
experience abdominal pain that persists between contractions,
or (2) be asymptomatic (in some cases). Partial uterine scar
dehiscencemay occur without significantmaternal or fetal con-
sequences. The obstetric management of clinically significant
uterine rupture is emergent cesarean delivery.

There is a theoretical concern that a labor epidural will mask
the pain of a uterine rupture, thus eliminating an important
early warning sign. In clinical practice, however, fetal signs are
more reliable, and careful attention to maternal complaint of a
sudden increase in character or timing of pain can actually facil-
itate identification of uterine rupture, even in the presence of
labor analgesia. In addition, having an epidural in place that can
be quickly dosed for an urgent cesarean delivery may decrease
maternal and fetal morbidity associated with an urgent general
anesthetic. If there is no epidural in place and/or there is signifi-
cant fetal or maternal decompensation, then general anesthesia
with an RSI is indicated.

758



Chapter 123 – Obstetric Hemorrhage

Postpartum hemorrhage
Uterine atony
To effect hemostasis after the third stage of labor, the
myometrium normally contracts. Uterine atony, the lack of
adequate contraction, is themost common cause of postpartum
hemorrhage, peripartum blood transfusion, and cesarean hys-
terectomy. The diagnosis of uterine atony is made clinically in
the setting of a soft uterus to palpation and continued hemor-
rhage after delivery. The degree of blood loss may not be evi-
dent as the uterus can conceal a large volume of blood. Risk
factors associated with uterine atony includemultiparity, multi-
ple gestation, polyhydramnios, prolonged labor requiring oxy-
tocin, and use of tocolytic medications.

Obstetric management
Obstetric management proceeds in a stepwise fashion begin-
ning with medical therapy and uterine massage. If these mea-
sures prove unsuccessful, additional options include internal
iliac/uterine artery embolization, B-Lynch and other uterine
sutures, and hysterectomy in case of hemodynamic instability
or refractory bleeding.

The first line of uterotonic therapy is oxytocin, an anti-
diuretic hormone (ADH)-related polypeptide. It is most com-
monly administered as a continuous infusion, titrated to
effect. Oxytocin produces peripheral vasodilatation resulting
in hypotension, especially if given in concentrated boluses.
Hypotension can usually be avoided by careful titration of
a dilute concentration (e.g., 20 units in 500–1000 cc of lac-
tated Ringer’s [LR]) and timely supportive measures (fluid and
ephedrine as needed).

The ergot alkaloids ergonovine and methylergometrine
maleate (Methergine; Novartis, East Hanover, NJ) are the sec-
ond line of uterotonic agents. The mechanism of action for
these medications is likely �1-receptor stimulation leading to
smooth muscle contraction. Either drug is generally given as
0.2 mg, intramuscularly. Rarely, IV administration, in 0.02-mg
increments (1/10 dilution) with careful monitoring of mater-
nal blood pressure, is employed. Systemic and pulmonary
hypertension can result, making the two drugs relatively con-
traindicated for patients with hypertensive disorders, such as
preeclampsia, or valvular lesions, such as mitral stenosis. Other
side effects include an increased incidence of nausea and vom-
iting and, rarely, coronary vasoconstriction.

The third line of uterotonic agents are prostaglandins E and
F. The 15-methyl prostaglandin F2� (PGF2�) derivative, car-
boprost tromethamine (Hemabate; Pfizer, New York, NY), is
available for parenteral administration in the United States.
It can be given intramuscularly, sometimes directly into the
myometrium, in 250-�g increments every 15 to 30 minutes.
The side effects include bronchospasm and pulmonary hyper-
tension, making its use relatively contraindicated in asthmatic
patients. Misoprostol (Cytotec; Pfizer) is a prostaglandin E1
(PGE1) derivative with uterotonic activity that is typically

administered rectally (800–1000�g) or vaginally in this setting.
It is a weak bronchodilator, so its use is relatively safe in asth-
matic patients.

Anesthetic management
Administration of uterotonics in the operating room (OR) is
typically the responsibility of the anesthesia team in concert
with the obstetrician. Other care, such as resuscitation and
correction of coagulopathy, is supportive. General anesthesia
may be required in cases of severe hemodynamic instability;
if volatile anesthetics are used, the concentration should be
decreased to ≤0.5 minimum alveolar concentration (MAC)
after the delivery of the fetus, to minimize interference with
uterine contraction.

Retained products of conception
Retained products of conception (POC) can cause insidious or
pronounced postpartum hemorrhage, with or without accom-
panying uterine atony. Diagnosis can be facilitated by careful
inspection of the placenta to confirm that it is intact. Obstetric
management of retained POC includes either manual or surgi-
cal (via dilation and evacuation [D&E]) extraction of retained
POC followed by a continuous infusion of oxytocin to min-
imize uterine atony. These maneuvers can usually be accom-
plished by extending the block of a labor epidural and adding
small IV doses of nitroglycerin (50–200 �g IV or 800 �g sub-
lingually) for uterine relaxation. Alternatively, spinal anesthesia
or small boluses of IV ketamine or opioid analgesia can be used
in patients who do not have an epidural. In general, extraction
of retained POC is best accomplished in the OR where emer-
gency airway and resuscitation equipment are readily available.

Placenta accreta
Placenta accreta is defined by the absence of the decidua basalis
layer between the placenta and the myometrium. Depending
on the degree of invasion of the myometrium, it is classi-
fied as placenta accreta with the involvement of the superficial
myometrium, placenta increta with deep myometrial penetra-
tion without violating the serosa, and placenta percreta invad-
ing the neighboring organs, notably the bladder. The absence
of the decidua basalis makes the placenta adherent to the
myometrium and impedes the proper separation during the
third stage of the labor. Severe bleeding ensues.

The diagnosis can be difficult to make antepartum, as there
may be no suggestive signs other than vaginal bleeding. Ultra-
sound and MRI examination can raise suspicion for the pres-
ence of placenta accreta, but usually cannot definitively confirm
or exclude the diagnosis unless there is visible invasion of the
bladder or associated structures (as in the case of percreta).
There is a suggestion that placenta accreta may be associated
with increased levels of maternal serum alpha protein (AFP).

Placenta previa and prior cesarean delivery represent the
most common risk factors. Isolated placenta previa is associated
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with a 5% risk of accreta, and the risk increases substantially if
the patient has had prior cesarean deliveries; the recent increase
increase in the cesarean delivery rate is likely to increase the
incidence of placenta accreta.

Obstetric management
Obstetric management of placenta accreta often involves
cesarean hysterectomy. To limit intraoperative blood loss,
some centers employ uterine or internal iliac arterial balloon
catheters with or without preoperative embolization.Whenever
feasible, conservative therapy is preferred to preserve fertility.
Conservative management, suitable for patients with limited
or focal placenta accreta, can involve the use of uterine tonic
agents, excision of the involved myometrium, uterine artery
ligation or embolization, uterine sutures (e.g., B-Lynch), or
medical treatment with methotrexate. Conservatively managed
patients are at risk for rebleeding and may require urgent reop-
eration. Patients with placenta percreta involving other pelvic
organs, often the bladder, are typically managed with a cesarean
hysterectomy and/or selective arterial embolization.

Anesthetic management
General or regional anesthesia may be employed, even if hys-
terectomy is required. Irrespective of the anesthetic technique
chosen, adequate IV access, typically two large-bore periph-
eral IVs, should be secured. Contact with the blood bank to
ensure ready availability of blood products should be under-
taken. Baseline hemoglobin/hematocrit (Hb/Hct) and platelet
count should be determined and followed, along with coagu-
lation status, during and after surgery. In more complex cases,
an arterial line for blood pressure monitoring and laboratory
samples should be considered, as should central venous access
for central venous pressure (CVP)monitoring, volume replace-
ment, and vasopressors.

Uterine inversion
Uterine inversion is a rare complication of vaginal delivery, usu-
ally in the context of excessive traction on the umbilical cord
during the third stage of labor. It can lead to severe hemor-
rhage and vagally mediated bradycardia and hypotension, if
the uterus is not reduced to its anatomic position in a timely
fashion. Brief uterine relaxation and pain control are required
and can be accomplished with a 50- to 200-�g IV nitroglycerin
bolus, IV fentanyl, or use of an existing epidural. Alternatively,

general anesthesia can be induced with rapid-sequence intuba-
tion. An oxytocin infusion is typically employed after the uterus
is reduced, to prevent persistent uterine atony and to helpmain-
tain the uterus in the proper anatomic position.

Genital laceration
Laceration of the genital tract can be encountered after vaginal
delivery and may require immediate attention. If an epidural
was used for labor, then the block can be augmented for perineal
repair. If no regional anesthetic is in place and the lesions are not
amenable to repair under local anesthesia, the patient should
be taken to the OR and preferentially regional or RSI general
anesthesia should be undertaken.
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Chapter

124 Preeclampsia
Amy J. Ortman and Lisa R. Leffert

In theUnited States, hypertensive disorders are the second lead-
ing cause of maternal mortality, with an estimated rate of 1.5
per 100,000 live births; admissions for hypertensive disorders
account for 15% of all antenatal hospitalizations. Hypertensive
disorders in pregnancy are a spectrum of diseases that are clas-
sified in Table 124.1.

Preeclampsia
Preeclampsia is diagnosed in 3% to 5% of all pregnancies in the
United States and is most common in nulliparous women. A
patient meets the criteria for a diagnosis of preeclampsia if she
has (1) persistently elevated blood pressures after 20 weeks ges-
tation in the setting of previously normal blood pressures, and
(2) proteinuria of greater than 300 mg in 24 hours. Preeclamp-
sia can be mild or severe, based on the presence or absence
of specific signs, symptoms, and abnormal laboratory values
(Table 124.2).

Preeclampsia may be associated with eclampsia and hemol-
ysis, elevated liver enzymes and low platelets (HELLP) syn-
drome. Eclampsia is defined as the occurrence of seizures in
a woman with preeclampsia that cannot be attributed to other
causes. Eclamptic seizuresmay occur antepartum, intrapartum,
or postpartum. Eclampsia is a cause of significant maternal and
fetalmorbidity and is present in approximately 50% ofmaternal
deaths associated with preeclampsia.

HELLP syndrome involves a constellation of laboratory
abnormalities and is generally regarded as a subset of severe
preeclampsia (Table 124.3). Hypertension, however, may not
be present in a substantial portion of patients. The diagnosis
of HELLP syndrome is also associated with an increased risk
of adverse outcomes including abruption, renal failure, hep-
atic subcapsular hematoma formation, liver rupture, recurrent
preeclampsia, maternal and/or fetal death.

For the fetus, preeclampsia may be associated with growth
restriction, preterm delivery, hypoxia, oligohydramnios, neuro-
logic injury, and death.

Etiology and risk factors
Although the precise etiology of preeclampsia remains un-
known, it is a disease that occurs only in the presence of pla-
cental tissue. The maternal manifestations are consistent with

a process of vasospasm, ischemia, and changes in the normal
balance of humoral and autocoid mediators.

An imbalance in placental angiogenic and antiangiogenic
growth factors is believed to play a central role in the devel-
opment of preeclampsia. Recent investigations have revealed
that increased levels of soluble fms-like tyrosine kinase-1 (sFlt-
1) and reduced levels of both phosphatidylinositol glycan
anchor biosynthesis, placental growth factor (PGF), and vascu-
lar endothelial growth factor (VEGF) shift the balance toward
antiangiogenesis and predate the development of the disease.
The increased presence of another antiangiogenic protein-
soluble endoglin (sEng) has been shown to correlate with the
onset of preeclampsia and in vivo causes increased vascular
permeability and hypertension. Preeclampsia is also associ-
ated with significant alterations in the immune system, and
increased levels of circulating inflammatory cytokines in the
maternal circulation and placenta have been found.

The earliest clinical manifestation of preeclampsia occurs
with placental implantation when there is attenuated tro-
phoblastic invasion into the uteroplacental spiral arteries. The
final common feature in preeclampsia is vascular endothelial
damage in the maternal circulation. Endothelial dysfunction
is manifested in several ways. There is an imbalance between
thromboxane, prostaglandins, endothelin, and nitric oxide,
resulting in increased vascular reactivity and vasospasm that
leads to hypertension and end-organ dysfunction. Endothe-
lial dysfunction also results in increased vascular permeabil-
ity and subsequent edema, increased sensitivity to endogenous

Table 124.1. Hypertensive disorders of pregnancy

Gestational hypertension
Transient hypertension of pregnancy without proteinuria, which resolves
after delivery

Preeclampsia: mild or severe
A pregnancy-specific syndrome characterized by elevated blood pressure
and proteinuria after 20 weeks gestation

Chronic hypertension
Hypertension present before pregnancy, diagnosed before 20 weeks
gestation, or diagnosed after 20 weeks gestation that does not resolve by
12 weeks postpartum

Chronic hypertension with superimposed preeclampsia
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Table 124.2. Criteria for diagnosis of preeclampsia

Physical
findings

Mild
preeclampsia Severe preeclampsia

Blood pressure >140/90 but
<160/110 mm Hg

>160/110 mm Hg

Proteinuria 0.3–5 g in 24-h urine
collection, or 1–2+
on urine dip

>5 g in 24-h urine collection,
or 3–4+ on urine dip

Additional signs
or symptoms

None Persistent headache
Cerebral or visual disturbances
Impaired liver function
Epigastric or RUQ pain
Thrombocytopenia
Pulmonary edema or cyanosis
Fetal growth restriction (IUGR)
Oliguria < 500 ml in 24 h

RUQ, right upper quadrant.

pressors, and the predisposition to hemolysis and thrombocy-
topenia. Multiple risk factors have been identified and are listed
in Table 124.4.

Physiologic changes in preeclampsia
Cardiovascular system
Physiologic changes in preeclampsia are listed in Table 124.5.
Preeclamptic patients have a decreased intravascular volume
as a result of decreased oncotic pressure, increased vascular
permeability, and elevated peripheral vascular resistance; they
also exhibit increased sympathetic nervous system activity and
increased sensitivity to endogenous and exogenous pressors.

Preeclamptic patients are usually managed empirically,
using measures such as urine output and fetal well-being as
signs of adequate organperfusion. In preeclamptic patientswith
comorbidities such as anuria, pulmonary edema, massive hem-
orrhage, or underlying cardiac or pulmonary disease, invasive
monitoring with particular focus on trends, rather than abso-
lute values, may be useful.

Pulmonary system
Women with preeclampsia may have a predisposition to
upper airway obstruction and difficult intubation from dif-
fuse pharyngolaryngeal edema. Also, they are at risk for devel-
opment of pulmonary edema, likely due to the combination
of increased vascular permeability, decreased oncotic pressure,
and a redistribution of intravascular volume into the central
compartment.

Table 124.3. Criteria for diagnosis of HELLP syndrome

• Hemolysis: abnormal peripheral blood smear – schistocytes and helmet
cells from microangiopathic hemolysis; increased total bilirubin
> 1.2 mg/dl

• Elevated liver enzymes: AST > 2 times normal; increased lactic
dehydrogenase > 600 U/L

• Low Platelets: Platelet count < 100,000 mm3

Table 124.4. Risk factors for the development of preeclampsia

Pregnancy-related
Multiple gestation
Nulliparity
Gestational diabetes
Hydatidiform mole
Structural congenital anomalies

Presence of underlying disorders
Chronic hypertension and renal

disease
Obesity
Preexisting diabetes
Inherited and acquired

hypercoagulable states
Sickle cell disease

Partner-related
Partner who previously fathered
a pregnancy complicated by
preeclampsia

Donor insemination and limited
sperm exposure

Other
Age and the interval between

pregnancies
Family history
History of preeclampsia in a prior

pregnancy

Renal system
Relative to normotensive non-preeclamptic patients, glomeru-
lar filtration rate and renal blood flow decrease by approxi-
mately 25% in preeclamptic patients. One proposedmechanism
for this finding is glomerular enlargement related to endothe-
lial dysfunction. Fractional urate clearance decreases, and, as
a result, serum uric acid levels increase – a frequently mea-
sured serum marker for preeclampsia. Nonetheless, because of
the significant increase in renal function that occurs with preg-
nancy, serum creatinine levels may not increase above normal
pregnancy levels, and renal insufficiency is uncommon.

Central nervous system
A variety of symptomsmay be present in preeclamptic patients,
including headache, blurred vision, scotomata, and (rarely)
cortical blindness. Focal, lateralizing, neurologic signs are
uncommon and warrant prompt evaluation.The precise patho-
physiology of eclamptic seizures remains unknown although
hemorrhage, edema, and hypoxia are possible mechanisms. If
eclamptic seizures occur, they should be promptly treated with
magnesium sulfate.

Coagulation
Thrombocytopenia associated with severe preeclampsia is
the most common coagulation abnormality. Platelet levels
�100,000 mm3 signal serious disease; if the pregnancy is
maintained, platelet levels may continue to fall and increase
maternal morbidity. Antithrombin III levels may be decreased,

Table 124.5. Physiologic changes in preeclampsia

Physiologic change Normal pregnancy Preeclampsia

Blood pressure Decreased or normal Increased
Cardiac output Increased Decreased to increased
PVR Decreased Increased
Intravascular volume Increased Decreased
CVP and PCWP Normal Normal

PVR, pulmonary vascular resistance; CVP, central venous pressure; PCWP,
pulmonary capillary wedge pressure.
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particularly in the setting of significant proteinuria, signaling
more severe disease and putting the patient at risk for throm-
botic events. Circulating levels of fibrin degradation products
may be elevated, but fibrinogen levels are usually normal unless
the situation is complicated by placental abruption.

Placental and fetal compartment
In preeclamptic patients the placenta has increased vascular
resistance relative to the low-resistance vascular bed typically
found in non-preeclamptic pregnancies. This increased vascu-
lar resistance is thought to be a result of the attenuated angio-
genesis during placental formation and a predisposition to
placental infarction. Thus any decrease in uteroplacental blood
flow further compromises a fetus that is already predisposed
to development of growth restriction, oligohydramnios, abrup-
tion, and decreased fetal reserve.

Obstetric management
All patients in whom the diagnosis of preeclampsia is suspected
should be evaluated with serial blood pressures, fetal monitor-
ing, and urine and laboratory studies to establish the diagnosis
and ensure maternal and fetal well-being.

Delivery
Thedefinitive treatment for preeclampsia is delivery of the fetus
and placenta. The decision of when to deliver is made based on
the gestational age and the severity of the disease. In preeclamp-
tic patients at or near term, delivery should be initiated after the
diagnosis is made. In the setting of prematurity, however, it may
be prudent to prolong the pregnancy in an attempt to minimize
neonatal morbidity.

In an effort to minimize maternal complications, vaginal
delivery is preferred. Cesarean delivery should be reserved for
obstetric indications. Because of compromised uteroplacental
blood flow, however, the fetus of a preeclamptic patient may
tolerate labor poorly, making this patient at increased risk of
operative delivery. Additionally, in an unstable patient with an
unfavorable cervix, a prompt elective cesarean delivery may
be in the patient’s best interest. In summary, each patient and
clinical situation should be individualized, with a management
strategy that seeks to balance and minimize both maternal and
fetal morbidity.

Medical management
Eclamptic seizures are a serious complication of preeclampsia
and are associated with significantmaternal and fetal morbidity
and mortality. Although the mechanism of action is unknown,
magnesium sulfate is the medication of choice for prophylac-
tic prevention and treatment of eclamptic seizures. Magnesium
is administered during labor, delivery, and for up to 24 to 48
hours postdelivery. The treatment is initiated with a 4- to 6-gm
intravenous bolus over a 15- to 30-minute period, followed by
an infusion of 2 gm/h.

Due to its relaxant effect on vascular and visceral smooth
muscle, magnesium therapymay decreasematernal blood pres-
sure and predispose the patient to postpartum atony and
hemorrhage. Magnesium also potentiates the effects of nonde-
polarizing neuromuscular blockers, and caution should be used
when administering nondepolarizing neuromuscular blockers
in this patient population. Historically, the data have been
mixed regarding the interaction between succinylcholine and
magnesium; however, more recent studies have shown no
potentiation of the depolarizing neuromuscular blockade.

Antihypertensive medications, such as labetalol, hydra-
lazine, and calcium-channel blockers are frequently adminis-
tered to preeclamptic patients for control of blood pressure.The
goal is not to normalize blood pressure, but to keep patients
from progressing to a hypertensive crisis, encephalopathy, or
stroke. When administering antihypertensive medications, it
is important to remember that the placenta lacks the abil-
ity to autoregulate flow, and a sudden decrease in maternal
blood pressure may decrease placental perfusion and result in
significant compromise to the fetus. Dietary supplements of
vitamin D, calcium, selenium, and bed rest (with controlled
exercise) may be beneficial in the prevention of preeclamptic
complications.

Anesthetic management
Labor analgesia
Neuraxial anesthetic techniques have potential benefits in
preeclamptic patients, including the reduction of circulating
catecholamines and stress hormones and facilitation of blood
pressure control. Diminished maternal respiratory response
to pain may also improve oxygen delivery to the fetus. In
addition, placement of an epidural catheter in labor helps to
facilitate expeditious conversion to an operative delivery. The
American Society of Anesthesiologists (ASA) Practice Guide-
lines for Obstetric Anesthesia recommend that practitioners
consider early placement of neuraxial anesthesia in high-risk
populations (i.e., severe preeclamptic patients), in an effort to
reduce the need for general anesthesia. In this situation, the
placement of an epidural may precede labor or the patient’s
request for analgesia.

For placement of neuraxial anesthesia, the same tech-
niques, procedures, and precautions that are practiced in
non-preeclamptic patients should be used. More specifically,
preeclamptic patients should be routinely monitored with a
noninvasive blood pressure (NIBP) monitor and pulse oxime-
try. Some institutions also advocate the use of maternal elec-
trocardiography (ECG) in this patient population. Because of
concern for hypotension and compromised uteroplacental
perfusion, continuous fetal monitoring should be performed
during placement of neuraxial anesthesia whenever possible.
Finally, preeclamptic patients may not be able to tolerate a
sitting position for placement because of side effects of mag-
nesium infusion or hemodynamic liability. In this setting the
lateral decubitus position may be used.
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After initiation of neuraxial analgesia and the onset of sym-
pathetic blockade, preeclamptic patients are at risk for hypoten-
sion and impaired uteroplacental perfusion. Epidural labor
analgesia in the preeclamptic patient can be initiated with the
same medications used for normal labor analgesia, although
some experts advocate elimination of epinephrine in the test
dose. Although the risk of hypotensionmay not be significantly
affected by pretreatment with intravenous (IV) fluids in nor-
mal pregnancy, fluid loading may be prudent in the setting of
preeclampsia, as intravascular volume is decreased.

If hypotension occurs after local anesthetic administration,
judicious use of IV fluids and pressors is warranted to restore
maternal blood pressures. Initial use of reduced doses of pres-
sors (e.g., 2.5mg of ephedrine or 20�g of phenylephrine) is rec-
ommended by some authorities due to the clinical impression
of enhanced sensitivity to vasopressors.

Cesarean delivery
In a small, randomized trial of general, epidural, or spinal anes-
thesia for cesarean delivery in women with severe preeclamp-
sia, there were no statistically significant differences between
the three groups with regard to hypertension, hypotension, and
maternal or fetal outcomes attributable to any of the anesthetic
techniques.

General anesthesia offers rapid initiation and is an option in
patientswith a contraindication to a regional technique, but car-
ries the risk of presence of difficult airway and hypertension that
may occur with airway management. In contrast, spinal anes-
thesia affords an almost equally fast onset and blunts the hemo-
dynamic and neuroendocrine responses to pain and stress, but
may be associated with significant hypotension. Epidural anes-
thesia allows the practitioner to titrate the level of neurax-
ial blockade while carefully monitoring the hemodynamics.
Regional anesthesia is contraindicated in the setting of severe
thrombocytopenia and is relatively contraindicated in patients
with an altered sensorium.

Management of HELLP syndrome
Patients with HELLP syndrome experience progressive throm-
bocytopenia, and prompt delivery is indicated, perhaps follow-
ing a course of glucocorticoids to minimize morbidity to the
preterm fetus. Administration of glucocorticoids has also been
shown to reduce the severity of laboratory abnormalities, result-
ing in a dose-dependent improvement in platelet count, possi-
bly increasing the use of regional anesthesia.

Although several studies have reported safe neuraxial anes-
thetic techniques in patients with thrombocytopenia, there is
no evidence to support choosing a single value as the appropri-
ate minimum acceptable platelet count. Because no clear cor-
relation exists between the severity of thrombocytopenia and
the likelihood of bleeding complications from neuraxial anes-
thesia, the decision of whether to proceed is typically made on
an individual basis. Most anesthesiologists are comfortable at a
platelet count of 100,000, and somewith counts as low as 70,000

to 80,000. Factors such as the trend in platelet count in addi-
tion to other concerns – such as an anticipated difficult airway –
should factor into the decision process.

Placement of a prophylactic epidural before the develop-
ment of worsening thrombocytopenia is an approach that may
be of benefit in this patient population. Lastly, some practition-
ers report that they feel more comfortable in placing a spinal
with a 24G to 26G needle in the setting of thrombocytopenia
than in placing an epidural that entails a large-bore needle and
an indwelling catheter. Although this seems appropriate, there
is no good evidence to support this approach.

Obstetric and anesthetic management
of eclampsia
Eclamptic seizures are typically self-limited, last 1 to 10 min-
utes, and are frequently associated with transient fetal distress.
The goals of therapy are supportive care and patient safety. The
patient should be given supplemental oxygen, protected from
injury, and placed in the lateral decubitus position if possible.
Magnesium sulfate therapy should be initiated or increased,
and blood pressure controlled. Rarely, thiopental or benzo-
diazepines will be required to control seizures. Although the
diagnosis of eclampsia necessitates prompt delivery, immediate
cesarean delivery is usually not indicated as fetal well-being will
improve with maternal resuscitation and cessation of seizures.
Magnesium sulfate should be continued 24 hours postpartum
as prophylaxis against additional eclamptic seizures.
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Chapter

125 Pregnant patients with comorbid diseases
Anasuya Vasudevan and Stephen D. Pratt

Anesthetic management of the parturient with comorbid
diseases requires a multidisciplinary approach involving
the obstetrician, obstetric anesthesiologist, neonatologists,
and appropriate medical specialists. Obstetricians should be
encouraged to send pregnant patients withmajor comorbidities
to be seen by an obstetric anesthesiologist during pregnancy.
The obstetric anesthesia provider must understand the normal
pregnancy-related physiologic changes in the affected organ
system, how these changes might affect the underlying medical
condition, how the conduct of anesthesia for delivery or
obstetric procedures might be influenced by the condition, and
what medical or surgical interventions might be performed to
ensure that the underlying medical condition is well-managed
during gestation and parturition.

Cardiovascular disease
Depending on the type and severity of the condition, par-
turients with cardiovascular disease may tolerate the physi-
ologic changes with little problem (e.g., patients with aortic
insufficiency) or may face a 60% risk of maternal death (e.g.,
patients with pulmonary hypertension). Hypertension and
valvular lesions are the most common cardiovascular disease
processes seen in pregnancy. Much less commonly, pregnant
women may present with complex congenital cardiac lesions,
cardiomyopathies, acute or chronic ischemic heart disease, or
pulmonary hypertension. Up to 13% of women with heart dis-
ease will experience a significant complication during preg-
nancy. Decreased left ventricular systolic function, significant
left-sided valvular obstruction, previous cardiac events (con-
gestive heart failure [CHF], dysrhythmia), and New York Heart
Association (NYHA) functional status of II or worse are pre-
dictors of adverse cardiac outcomes in parturients with valvular
disease.

Unless contraindicated, regional anesthesia is frequently a
good choice for the laboring patient with cardiac disease, as
it blunts the hormonal response to labor pain and can mini-
mize the cardiac stress.The use of invasive hemodynamic mon-
itoring may be appropriate for some patients, especially during
cesarean delivery, when shifts in blood volumemay be rapid and
significant and the effects of anesthesia (general or regional) are
more profound.Theuse of antibiotics to prevent bacterial endo-

carditis should be considered. Recent guidelines recommend
that only patients with significant congenital cardiac lesions,
a history of endocarditis, or prosthetic cardiac valves should
receive prophylaxis during labor and delivery.

Chronic hypertension
Parturients with chronic hypertension generally tolerate preg-
nancy well, as blood pressure tends to decrease in early
gestation. These patients, however, are at increased risk for
developing pregnancy-induced hypertension (PIH). They may
present with a relative decrease in their intravascular volume,
leading to hemodynamic instability during induction of neu-
raxial or general anesthesia. Long-standing hypertension can
be associated with end-organ damage, including renal or car-
diac failure. Finally, many medications used to treat hyperten-
sion, including the angiotensin-converting enzyme inhibitors,
are contraindicated in pregnancy.No specific changes are neces-
sary in the anestheticmanagement of the parturientwith hyper-
tension without other organ system involvement.

Valvular lesions
In general, left heart stenotic valve lesions are poorly toler-
ated during pregnancy because the fixed valve lesion prevents
the pregnancy-associated increase in cardiac output (CO) and
increases the likelihood of pulmonary edema. Invasive mon-
itors are sometimes employed for patients with severe mitral
stenosis. Conversely, regurgitant lesions are generally well toler-
ated through gestation and labor, although acute decompensa-
tion can occur after delivery. Many patients with stenotic and
some regurgitant lesions may be taking anticoagulants, com-
plicating or contraindicating the use of regional anesthesia.
The hemodynamic goals for each valve lesion are outlined in
Table 125.1 (also see Chapter 5).
� Mitral stenosis is the most common isolated valvular lesion

seen in pregnancy, and is the most difficult to manage. The
physiologic changes of pregnancy all tend to increase the
gradient across the stenotic valve and place the pregnant
patient at risk for pulmonary edema. Auto-transfusion
following delivery can cause acute decompensation and
cardiac failure. Maternal mortality is approximately 1% in
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Table 125.1. Optimal cardiovascular physiologic parameters in valvular lesions

HR Preload SVR Contractility

Mitral stenosis Avoid tachycardia to allow LV
filling; treat atrial fibrillation
aggressively (cardioversion)

At risk for pulmonary edema. Keep
PCWP ∼ 15; avoid hypoxia,
hypercarbia, pain (⇑ PVR)

Keep normal to high Normal

Aortic stenosis Avoid extremes of HR; atrial “kick”
necessary for LV filling

High pressures are needed to fill
noncompliant LV; risk for
pulmonary edema

Keep high to maintain LV
perfusion pressure (decrease
causes hypotension and
possibly cardiac ischemia)

Keep normal to high
to maintain CO;
low if dynamic
subvalvular lesion

Mitral regurgitation ⇑ HR (decreases regurgitant flow) Keep normal to low; LV at risk for
volume overload

Low SVR augments forward
flow

Normal

Aortic insufficiency ⇑ HR (decreases regurgitant
fraction)

Keep normal to low; LV at risk for
volume overload

Low SVR augments forward
flow

Normal

LV, left ventricle; PCWP, pulmonary capillary wedge pressure.

the presence of mitral stenosis (although it is much higher
if atrial fibrillation occurs).

� Aortic stenosis is less common in pregnancy because lesions
that predispose to aortic stenosis generally do not become
clinically apparent until after childbearing age. The fixed
and reduced aortic valve area prevents these patients from
increasing their stroke volume or CO.

� Patients with regurgitant valvular lesions generally tolerate
well the physiologic changes of pregnancy and the effects of
regional anesthesia, because increased preload and heart
rate (HR), and decreased afterload, help to augment
forward flow in these lesions.

� Pulmonary hypertension, either primary or secondary, is
uncommon during pregnancy, but, if present, maternal
mortality may exceed 60%.The anesthetic goals include:
(1) prevention of increases in pulmonary vascular
resistance (PVR) related to hypercarbia, hypoxia, acidosis,
stress, or pain; and (2) prevention of major hemodynamic
perturbations, especially decreases in systemic vascular
resistance (SVR) or preload.

Rarely, but with increasing frequency, pregnancy may be
complicated by congenital cardiac lesions, cardiomyopathy, pri-
mary cardiac rhythm disturbances, ischemic heart disease, or
cardiac transplantation. Patients with these processes require
an individualized, team approach to ensure that the effects of
gestation and parturition can be safely navigated.

Pulmonary disease
Chronic respiratory disease, most commonly asthma, and
pregnancy-related respiratory distress are often best managed
with regional anesthesia, as it limits the increases in ventila-
tion associated with maternal pain avoids the negative conse-
quences of general anesthesia on the lungs. Some caution must
be used in patients with severe obstructive lung disease as a
dense spinal or epidural anesthesia impairs intercostal mus-
cle function and decreases expiratory volumes. Patients who
depend on these accessory muscles of respiration may not tol-
erate a high regional block.

Asthma
Effect of pregnancy on asthma
Asthma is the most common pulmonary disease in women
of child-bearing age and complicates approximately 1% of
pregnancies. The course of asthma during pregnancy is
highly variable. It has been reported that asthma symptoms
are worse during pregnancy in approximately one third of
patients, improve in one third, and remain unchanged in one
third. A large percentage of those with severe pre-pregnancy
asthma, however, will experience an exacerbation during preg-
nancy. Multiple pregnancy-related factors may influence the
course of asthma, including an increase in the production of
prostaglandin F2� (a bronchoconstrictor), decreased cellular
immunity leading to increased risk of infection, and the bron-
chodilating effects of progesterone.

Effect of asthma on pregnancy
With appropriate treatment, asthma does not increase risks to
the mother or fetus during pregnancy. Severe or poorly con-
trolled asthma, however, has been associatedwithmany adverse
obstetric outcomes, including preterm delivery, small-for-
gestational-age birth weights, preeclampsia, cesarean delivery,
postpartum hemorrhage, and increased neonatal morbidity. It
is safer to treat asthma appropriately during pregnancy than to
expose the mother and fetus to the negative effects of hypoxia
and hypercarbia that may occur with poorly treated disease.
Management of asthma during pregnancy should follow the
same principles as for the nonpregnant patient, including iden-
tification and treatment of triggers (respiratory infections, aller-
gens, etc.) that may precipitate acute exacerbations, appropriate
use of inhaled�2-agonists and steroids, and judicious use of oral
steroids or theophylline as indicated. Use of oral corticosteroids
in the first trimester may increase the risk for preterm delivery
or preeclampsia.

Anesthetic implications
Anesthesia management goals regarding the parturient with
asthma in labor should focus on reducing maternal hyper-
ventilation and minimizing physiologic stress. Control of the
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hyperventilation in response to labor pain is especially impor-
tant in patients whose asthma is triggered by exercise or
stress. Pain relief with neuraxial analgesia is most effective, but
systemic opioids or other pain relief techniques, such as puden-
dal nerve blocks, may also be effective. All asthma medications
should be continued throughout labor. Additional concerns
during cesarean delivery include the inability to lie flat due
to severe disease, respiratory failure due to motor block of
accessory muscles of respiration from high regional anesthesia,
and life-threatening bronchospasm associated with endotra-
cheal intubation. If general anesthesia is required for cesarean
delivery, care must be taken to balance the risk of aspira-
tion against risks associated with bronchospasm from endo-
tracheal intubation. General anesthesia with a laryngeal mask
airway (LMA) has been used safely for cesarean delivery in
a large series of parturients at low risk for aspiration and
might be useful in the parturient with severe reactive airways.
Nonsteroidal anti-inflammatory drugs (NSAIDs) should be
used with caution for postpartum pain relief in parturients
with asthma. Finally, should postpartum hemorrhage occur,
15-methyl prostaglandin F2� and to a lesser extent methyl-
ergonovine maleate should be used with caution, as they can
precipitate bronchospasm.

Little information exists on other chronic pulmonary dis-
eases and pregnancy. The obstetric anesthesiologist may be
asked to help manage parturients with chronic obstructive pul-
monary disease, interstitial lung disease, cystic fibrosis, sar-
coidosis, and others. A multidisciplinary approach involving
obstetricians, anesthesiologists, primary care physicians, and
appropriate pulmonary specialists is necessary to adequately
care for these patients.

Pregnancy-related pulmonary disease
The parturient is also at risk for acute respiratory failure
due to one of many pregnancy-specific disease processes,
including pulmonary embolus, amniotic fluid embolus,
and pulmonary edema associated with preeclampsia, fluid
overload, peripartum cardiomyopathy, sepsis, or massive
transfusion after maternal hemorrhage. For each of these
disorders, the primary concern is treatment of the underlying
disease process. The obstetric anesthesiologist may be required
to assist in the management of the pulmonary status until
the primary process is stabilized. Management may include
aggressive diuresis, bronchodilator therapy, or endotracheal
intubation.

Diabetes mellitus
Diabetesmellitus (DM) is a common endocrine disease in preg-
nancy, complicating approximately 4% of all pregnancies. With
optimal glycemic control andmultidisciplinarymanagement of
the diabetic parturient, the perinatal outcomes are similar to
those observed in normal pregnancy.

Effect of pregnancy on DM
Progesterone, human placental lactogen, and cortisol increase
during pregnancy and exert an anti-insulin effect. The com-
bination of increased lipolysis, insulin resistance, and ketoge-
nesis renders the diabetic parturient susceptible to metabolic
disturbances. Insulin requirements increase during pregnancy
and decrease significantly soon after delivery. Diabetic ketoaci-
dosis is more common in pregnancy, particularly in parturients
with hyperemesis, infection, steroid therapy (i.e., for fetal lung
maturation), or poor medication adherence. Hypoglycemia
occurs with increased frequency in the patient with type 1 DM,
particularly in the first trimester, probably due to a combination
of emesis and reduced calorie intake. The risk of hypoglycemia
is higher when tight glycemic control regimes are followed.

Effect of DM on pregnancy
Patients with pregestational DM are at increased risk for
gestational hypertensive disorders. Pregestational diabetic
nephropathy especially increases the incidence of pregnancy-
induced hypertension and intrauterine growth restriction. DM
also increases the risk of preterm labor, polyhydramnios,
macrosomia, shoulder dystocia, and fetal anomalies. Cesarean
delivery ismore common in both pregestational and gestational
diabetic parturients. Glycosylated hemoglobin has a higher
affinity for oxygen, decreasing oxygen transfer to the fetus and
increasing the likelihood of fetal asphyxia. Rigorous glycemic
control should be instituted from an early gestational age.

Anesthetic implications
Preanesthetic evaluation should include a thorough history,
physical examination and laboratory tests focused on identify-
ing end-organ complications related to DM (e.g., neuropathy,
nephropathy, retinopathy, gastroparesis, and coronary artery
disease). The airway should be carefully assessed, with partic-
ular attention paid to the possibility of the stiff joint syndrome
involving the cervical spine or temporomandibular joint (TMJ).

The options for pain relief during labor in the diabetic
patient are no different from those in the nondiabetic popula-
tion. Preexisting neuropathy is not a contraindication to neu-
raxial techniques. In the presence of gastroparesis, it may be
prudent to administer a nonparticulate antacid and a proki-
netic agent, such as metoclopramide, prior to any anesthetic
technique. Severe retinopathy may be a contraindication to
maternal pushing during the second stage of labor, and the
anesthesiologist may be asked to provide dense epidural anes-
thesia to prevent maternal expulsive efforts and to facilitate an
operative vaginal delivery. Finally, the anesthesiologist must be
prepared for an emergent delivery should shoulder dystocia
occur.

Regional anesthetic techniques are preferred for cesarean
delivery. Preexisting autonomic neuropathymay predispose the
diabetic parturient to greater hemodynamic instability after
spinal or epidural anesthesia. If general anesthesia is needed,
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the possibility of a difficult airway should be anticipated. Equip-
ment for advanced airway intubation techniques, including
a fiber-optic bronchoscope, various sized laryngoscopes and
LMAs, and transtracheal ventilation equipment, should be
readily available.

Rheumatoid arthritis
Rheumatoid arthritis (RA) affects 1% of the population and is
more common in women.

Effect of pregnancy on RA and of RA on pregnancy
As with most immune disorders, the symptoms from RA
improve over the course of pregnancy.

Corticosteroids and NSAIDs are usually continued during
pregnancy. Methotrexate, chlorambucil, and cyclophos-
phamide are teratogenic and are stopped preconception.
Women with vasculitis may have intrauterine growth restric-
tion. The combination of pleural effusion and kyphoscoliosis
can cause restrictive lung disease, which can further reduce the
respiratory reserve in a gravid RA parturient.

Anesthetic implications
The preanesthetic evaluation should focus on the following
physical and laboratory findings:
1. Stability of cervical spine: may be asymptomatic;

radiograph of cervical spine may be needed.
2. Mobility of the TMJ: more than 45% of RA patients have

TMJ ankylosis, causing limited mouth opening.
3. Assessment for cricoarytenoideus: symptoms include

dysphonia, dysphagia, wheezing and sore throat; if
suspected, obtain an otolaryngologic consult.

4. Evaluation for micrognathia: juvenile RA may be
accompanied by mandibular micrognathia.

5. Lumbar or thoracic kyphoscoliosis.
6. Complete blood count to evaluate for thrombocytopenia

and anemia.
Patients with mild disease can be managed the same way as

a normal parturient. Management of patients with significant
disease and joint involvement will need careful planning. The
mode of delivery will depend on the severity of skeletal defor-
mity. In a parturient with severe pelvic deformity, a cesarean
delivery may be planned.

If a decision is made to proceed with labor in a parturi-
ent with a known difficult airway, placement of an epidural
catheter early in labor to provide analgesia is ideal. Regional
anesthesia, however, may not be possible in patients with
severe skeletal deformities. The obstetric team should be made
aware of the challenges of the difficult airway, and a plan
should be developed to minimize the likelihood of an emergent
delivery.

If a cesarean delivery is planned, any regional technique is
appropriate but, again, may be difficult. If general anesthesia is

required in the parturient with cervical spine involvement or
with a difficult airway, an awake intubation may be necessary.
The neck should be carefully positioned when the patient is still
awake, and excessive flexion and/or extension of the cervical
spine should be avoided as it can precipitate spinal cord injury.
Extremities should be padded and positioned carefully. Extu-
bation should be carried out only when the parturient is awake,
alert, and hemodynamically stable.

Systemic lupus erythematosus
Systemic lupus erythematosus (SLE) is a chronic inflammatory
autoimmune disease characterized by the presence of multiple
autoantibodies. SLE is more common in women (especially in
women of childbearing age).

Effect of pregnancy on SLE
The incidence of SLE flare during pregnancy is low in women
who are in remission. Flares in the postpartum period may
occur due to an increase of proinflammatory hormones (e.g.,
prolactin) and reduction of anti-inflammatory steroids. It
remains unclear if the flares are more frequent in pregnancy,
as flares and remission characterize the natural course of the
disease. The drugs used in the treatment of SLE comprise
steroids, azathioprine, mycophenolate, cyclophosphamide, and
cyclosporines. Steroids can be administered during pregnancy
and breastfeeding, but the rest of the cytotoxic drugs should
be avoided, even in the preconceptual stage, as they are
teratogenic.

Effect of SLE on pregnancy
SLE increases the incidence of gestational hypertension, infec-
tion, DM, preterm labor, low platelet count, and thrombotic
episodes. Lupus nephritis is likely to worsen during preg-
nancy in women who experienced nephritis prior to concep-
tion. Patients with SLE may have anti-phospholipid antibodies
that can cause thromboembolic events (e.g., cerebrovascular
accidents, pulmonary embolism). Thrombocytopenia may be
a manifestation of SLE and may be difficult to differentiate
from the hemolysis, elevated liver enzymes, and low platelets
(HELLP) syndrome. Neonatal lupus presents as congenital
heart block or lupus rash. It is a rare occurrence in SLE pregnan-
cies. Fetal four-chamber echocardiography is recommended
at 16 to 28 weeks gestation to evaluate for neonatal lupus. If
heart block is found, treating the mother with steroids may be
beneficial.

Anesthetic implications
Management of the parturient with SLE includes a careful his-
tory and physical examination focused on identifying evidence
of end-organ damage (e.g., cardiac tamponade, pericarditis,
endocarditis, nephritis). Activated partial thromboplastin time
(aPTT) may be increased in patients with antiphospholipid
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or lupus anticoagulants. Although the aPTT is prolonged, the
antibody has no anticoagulant effect in vivo, and these individ-
uals are at increased risk for thromboembolic events.

The mode of delivery will be determined by the fetal well-
being and extent of maternal disease.The incidence of cesarean
delivery is higher in the SLE groupwhen comparedwith normal
pregnant women. Regional analgesia can be safely provided for
both labor deliveries and cesarean deliveries if the platelet count
and the results of coagulation studies are normal. In patients
with nephritis, NSAIDs should be avoided as they can precipi-
tate renal failure.

Multiple sclerosis
Multiple sclerosis (MS) generally has a relapsing and remitting
course. The common clinical presentations are optic neuritis,
diplopia, ataxia, and weakness of the limbs. Physiologic stress,
exhaustion, and elevated temperature can all exacerbate the
disease.

Effect of pregnancy on MS
Women with MS tend to experience fewer exacerbations dur-
ing pregnancy (especially in the third trimester), but they are
also at an increased risk for exacerbation within the first several
months after delivery.

Effect of MS on pregnancy
MS does not have a direct effect on pregnancy or pregnancy-
related disease. Patientswith bladder involvementmay be prone
to more urinary tract infections.

Anesthetic implications
Local anesthetics, especially when administered neuraxially,
can unmask the symptoms of MS. Even subtherapeutic con-
centrations of local anesthetics produce a profound conduc-
tion block on nerves containing demyelinated plaques, and thus
may unmask symptoms. Thus, practitioners may be concerned
about performing a regional anesthesia technique for labor or
cesarean delivery. Based on the evidence available to date, how-
ever, MS by itself is not a contraindication to subarachnoid
or epidural anesthesia (and these techniques prevent exposure
to the risks of failed intubation associated with general anes-
thesia). Preexisting neurologic signs and symptoms should be
clearly documented.

Hematologic diseases
Idiopathic thrombocytopenic purpura
Idiopathic thrombocytopenic purpura (ITP) is characterized by
thrombocytopenia due to increased destruction of the platelets
caused by anti-platelet antibodies. ITP can be treated by admin-
istering corticosteroids, but splenectomy usually is the more
definitive treatment. Some patients require plasmapheresis to

remove the autoantibodies. Platelet transfusion may not be
effective in maintaining a normal platelet count as the trans-
fused platelets may be destroyed.

Effect of ITP on pregnancy and of pregnancy on ITP
Maternal ITP can cause neonatal ITP, since the antibodies cross
the placenta.The fetal thrombocytopenia can lead to severe fetal
or neonatal hemorrhage.

Pregnancy does not appear to influence the course of ITP.
This time, however, is common to diagnose subclinical disease.
Other causes of thrombocytopenia (HELLP syndrome, throm-
bocytopenia of pregnancy, etc.) must be excluded.

Anesthetic implications
The platelet count above which it is safe to perform a neurax-
ial anesthetic has not been established. Current literature fre-
quently cites a cutoff of 100,000/mm3. It is clear, however, that
many practitioners safely administer regional anesthesia when
the platelet count is well below this number. In the parturient
with thrombocytopenia and no clinical evidence of abnormal
bleeding, the obstetric anesthesiologist must balance the risk
of epidural hematoma against the risks of general anesthesia.
Thromboelastography may prove to be a useful test to deter-
mine the adequacy of maternal clotting.

VonWillebrand disease
Von Willebrand disease (vWD) is the most common auto-
somal inherited coagulation disorder. Von Willebrand factor
(vWF) facilitates coagulation by providing multiple bridging
sites between platelets and endothelium. There are multiple
types of vWD; type 1 accounts for approximately 85% of cases
and is simply a low vWF level.

Effect of vWD on pregnancy
There are no specific effects of vWD on pregnancy. As the dis-
ease is inherited in an autosomal dominant pattern, however,
there is a 50% chance that the fetus will be affected.

Effect of pregnancy on vWD
vWD may be difficult to diagnose during pregnancy as vWF
levels tend to normalize. Patients with severe disease, however,
may still present in labor with bleeding abnormalities.

Anesthesia implications
Laboratory diagnosis includes vWF level assay, vWF activity
(ristocetin-induced platelet aggregation test), factor VIII level,
and a prolonged aPTT. Clinical bleeding is oftenmild with type
1 disease (but may be significant with types 2 and 3). Treatment
includes desmopressin acetate (DDAVP; Sanofi-Aventis U.S.,
Bridgewater, NJ), cryoprecipitate, and pasteurized, fractionated
fresh-frozen plasma (Humate-P; CSL Behring, King of Prussia,
PA). Patients with untreated vWD may be at an elevated risk
for epidural hematoma. Regional anesthesia can be performed
in patients with normal aPTT or in desmopressin-sensitive
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patients 30 minutes after administration of the drug. Even
if general anesthesia is used, severe perturbations in clotting
should be corrected as laryngoscopy can lead to life-threatening
bleeding in the airway.
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126 Anesthesia for fetal intervention
Roland Brusseau and Linda A. Bulich

Introduction
Thedevelopment of successful fetal intervention has introduced
the possibility of in utero correction or modification of severe
developmental defects that, left untreated, would lead to either
preterm demise or severe postpartum morbidity or mortality.
Powered by advances in fetal imaging and an improved under-
standing of fetal intervention, the range of diseases, treatments,
and intervention types has grown significantly (Table 126.1).

As experience with fetal intervention has grown, so too has
knowledge about fetal anesthesia and analgesia. Anesthesia pro-
vision for fetal intervention differs from most other anesthetic
situations insofar as the anesthesiologist (or anesthesiologists)
must care for two, or possibly more, patients – each with poten-
tially conflicting requirements. The first is the mother who can
readily indicate discomfort and can be monitored directly, and
to whom drugs may be administered directly and easily. For
the fetus (or fetuses), nociception must be assumed or inferred
indirectly, monitoring is limited at best, and drug administra-
tion is complicated and often indirect. Both fetal and maternal
hemodynamic stability must be assured, and a plan to resus-
citate the fetus, should problems occur during the procedure,
must be developed.

Types of fetal intervention
Fetal interventions may be roughly divided into three cat-
egories. Open midgestational (or hysterotomy-based) proce-
dures are generally performed between 18 and 26 weeks and
typically involve exteriorization of the fetus (or affected body
part) with subsequent replacement in the uterus, allowing fur-
ther maturation. Such procedures are generally performed on
fetuses with well-defined lesions and for whom there is the
expectation of preterm demise or significant postpartum mor-
bidity or mortality without intervention.

Ex utero intrapartum therapy (EXIT) procedures, also
known as operations on placental support (OOPS), are gen-
erally performed on term or near-term fetuses with signifi-
cant airway obstruction or pulmonary insufficiency. In such
cases, surgical intervention is performed with intact uteropla-
cental function prior to cord clamping. EXIT-to-ECMO (extra-
corporeal membrane oxygenation) cases similarly depend on
intact placental function prior to ECMO cannulation and

initiation. Congenital diaphragmatic hernia (CDH) patients
with poor predicted lung volumes are often managed by an
EXIT-to-ECMO strategy to avoid unnecessary hypoxemia and
pulmonary barotrauma.

Finally, there is an ever-increasing variety of techniques
for minimally invasive fetal procedures. Fetoscopic, ultra-
sound guided, and fetal transesophageal echocardiographically
assisted procedures may be undertaken at nearly any gesta-
tional age for the ligation or ablation of aberrant fetoplacen-
tal vessels, the placement of shunts or plugs, or modification of
cardiac anatomy. Such techniques are typically employed in sit-
uations in which severe morbidity will result and other thera-
peutic options (typically medical) have failed.

Maternal anesthetic considerations
For procedures requiring hysterotomy and the maintenance
(even if only briefly) of uteroplacental function, general anes-
thesia is the technique of choice.High concentrations of inhaled
anesthetics, typically in the range of 2 times minimum alveo-
lar concentration (MAC), are required to maintain appropriate
uterine relaxation for maintenance of fetal perfusion, to opti-
mize fetal exposure, and to provide continuous tocolysis. Such
anesthetic depth also assures appropriate fetal anesthesia prior
to hysterotomy and intervention. This anesthetic depth, how-
ever, may compromisematernal blood pressure, requiring pres-
sor support to maintain maternal blood pressure within 10%
of baseline and thus provide appropriate myometrial and pla-
cental perfusion for fetal oxygenation. In addition, considera-
tionmust be given to themultiplematernal physiologic changes
associated with pregnancy that are discussed elsewhere in this
volume.

Uteroplacental anesthetic considerations
Uterine and umbilical blood flow, as well as placental barriers to
diffusion, govern fetal oxygen delivery. As noted, volatile anes-
thetics beneficially decrease myometrial tone but also decrease
maternal blood pressure, leading to decreased maternal pla-
cental blood flow. This diminution of flow has been shown to
result in decreased fetal oxygenation and underlies the recom-
mendation to maintain maternal blood pressure within 10% of
baseline.
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Table 126.1. Diseases eligible for fetal intervention

Disease Intervention type(s)

CCAM (cystic adenomatoid malformation) EXIT, EXIT-to-ECMO (if significant airway obstruction)
CDH EXIT, EXIT-to-ECMO, or minimally invasive (ultrasound or fetoscopically guided

tracheal plug placement and removal)
Cervical teratoma EXIT, EXIT-to-ECMO (if significant airway obstruction)
CHAOS (congenital high airway obstruction syndrome) EXIT, EXIT-to-ECMO (if significant airway obstruction)
Congenital goiter EXIT, EXIT-to-ECMO (if significant airway obstruction)
Cystic hygroma EXIT, EXIT-to-ECMO (if significant airway obstruction or high-output cardiac failure)
HLHS (hypoplastic left heart syndrome) Minimally invasive (ultrasound-guided percutaneous aortic valve dilatation)
Hydronephrosis and bladder outlet obstruction Minimally invasive (ultrasound or fetoscopically guided shunt placement)
MMC (myelomeningocele) EXIT, minimally invasive (fetoscopic patch application)
Pulmonary sequestration, bronchogenic cysts, and

mixed or hybrid pulmonary lesions
EXIT

SCT (sacrococcygeal teratoma) EXIT, EXIT-to-ECMO (for high-output cardiac failure)
TRAP (twin reversed arterial perfusion sequence) Minimally invasive (fetoscopic laser/photoablation of aberrant vasculature)
TTTS (twin–twin transfusion syndrome) Minimally invasive (fetoscopic laser/photoablation of aberrant vasculature)

Studies in both animals and humans have demonstrated
that maternal hypocapnia may also influence fetal oxygena-
tion via umbilical venous flow. Maternal hypocapnia signifi-
cantly reduces umbilical venous blood flow and has been shown
to produce fetal hypoxia and metabolic acidosis. Conversely,
maternal hypercapnia and acidosis have been demonstrated to
increase umbilical venous flow and increase fetal arterial PO2.

Although umbilical venous flow is clearly dependent on
intrinsic factors, as above, it is also influenced by extrinsic fac-
tors, such as umbilical cord compression or kinking. During
open procedures, the loss of amniotic fluid and its impact on
fetal and umbilical buoyancymay lead to inadvertent cord com-
pression or kinking andprofound fetal hypoxemia. To avoid this
complication, amniotic fluid or warmed saline should be con-
tinuously infused into the uterine cavity and appropriate vol-
umes should be assured at myometrial closure.

Fetal anesthetic considerations
Fetal dependence on the placenta for oxygenation, gas, drugs,
and waste exchange makes maintenance of uteroplacental cir-
culation the highest priority for fetal anesthetic management.
As the fetal pulmonary system is essentially offline in utero,
enhanced umbilical blood flow is the chief determinant of
increased fetal oxygenation. Fetal cardiac output is almost
entirely rate-related, making the maintenance of fetal heart
rate a similar priority to ensure adequate umbilical blood flow.
The disproportionately vagal tone of the fetal nervous system,
as well as the immaturity of baroreflex mechanisms, adds a
further challenge, as fetal distress, including hypoxemia, will
often present as a decreased fetal heart rate. Volatile anesthet-
ics, which function as myocardial depressants and vasodilators,
further complicate fetal hemodynamics and oxygen delivery.
Indeed, fetal pH is routinely depressed by volatile anesthetics,
furthering myocardial depression.

Surgical conditions also threaten the fetus during open
repairs. Fetal blood volume is approximately 100 to 110 ml/kg,
but given the small size of most intervention patients, even a

small amount of blood loss can lead to severe hemodynamic
compromise. Immature fetal hepatic and hematologic function
may lead to impaired hemostasis and enhanced surgical losses.
Such coagulopathy may be worsened by fetal cooling during
open interventions. Great care must be taken to limit fetal heat
loss.

Rationale for fetal anesthesia and analgesia
The proliferation of minimally invasive fetal interventions and
the apparent lack of a requirement for maternal general anes-
thetics in such cases has called into question the need for fetal
anesthesia and analgesia. In such cases, anesthetized mothers
could be considered an anesthetic conduit for the fetus, plac-
ing them at unacceptable levels of risk for a questionable fetal
benefit. A significant body of evidence, however, has grown to
suggest the importance of mitigating the fetal stress response to
enhance fetal outcome and possibly limit preterm labor.

It is clear that the fetus is capable ofmounting a physiochem-
ical stress response to noxious stimuli as early as 18 weeks ges-
tation. Given the state of current knowledge, it is impossible to
know exactly when the fetus first becomes capable of experi-
encing pain, although most agree that the gestational age range
in which this occurs is between 20 and 30 weeks. It so happens
that this range coincides with the gestational ages during which
most fetal interventions occur. Indeed, the fetal experience of
painmay be even greater than that of the termneonate or young
child, due to the immaturity of systems of descending inhibi-
tion. Descending inhibition is the process whereby ascending
nociceptive signals in the ascending spinal neurons are damp-
ened via inhibitory descending neurons of the dorsal horn of
the spinal cord.These inhibitory tracts develop late in gestation
and are still immature at birth.

For this reason, most practitioners provide fetal anesthesia
or analgesia of some sort during both open andminimally inva-
sive procedures. Because access to the fetus is limited in the
latter cases, alternative routes of administration are frequently
required (Table 126.2).
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Table 126.2. Routes for fetal drug delivery

Route Disadvantages Notes

Transplacental Delayed delivery; significantly higher maternal levels
required to achieve therapeutic fetal concentrations

Fetal isoflurane levels reach 70% of maternal isoflurane levels in 60 min; most
commonly used induction agents rapidly cross the placenta

IM Variable absorption, bleeding, tissue damage Fentanyl (20–50 µg/kg) and pancuronium (200 µg/kg) may be given for open
procedures and with ultrasound guidance during minimally invasive procedures

IV Difficult to obtain access, bleeding, vessel thrombosis Standard neonatal doses may be delivered; blood may be given via this route
Intracardiac Difficult to establish, may produce arrhythmias, may

lead to pericardial effusion and tamponade
Best reserved for emergent resuscitation; dose volumes should be as small as
possible, generally between 0.2 and 0.5 ml

Intraamniotic Experimental; correct dosing currently unknown Allows for minimally invasive drug delivery; may be useful for sustained delivery of
medications

Challenges of fetal monitoring
Fetal monitoring provides another significant challenge for the
anesthesiologist. Access to the patient and the presence of amni-
otic fluid greatly limit available monitoring modalities. In open
cases, during which a fetal limb may be exposed, fetal pulse
oximetry can serve as a marker of general oxygenation and car-
diovascular state (via heart rate). Fetal arterial oxygen satura-
tion (SaO2), even with a maternal fraction of inspired oxygen
content (FiO2) of 1.0, rarely exceeds 70%, and an intraopera-
tive SaO2 greater than 40% is generally considered acceptable.
Whereas fetal electrocardiography has proven notoriously diffi-
cult to reliably obtain and assess, fetal transesophageal echocar-
diography in both open andminimally invasive proceduresmay
provide information about heart rate, stroke volume, and car-
diac function. Surface or transmyometrial echocardiography
may also be of use. In situations in which fetal blood may be
aspirated, fetal blood gas sampling and analysis may help in the
assessment of fetal well-being.

Doppler ultrasonographic measurement of fetal cerebral
blood flow, as well as experimental use of near infrared spec-
troscopy (NIRS), may help to reveal the adequacy of cerebral
blood flow and cerebral oxygenation during fetal interven-
tions. Fetuses will preferentially redistribute circulation to the
brain and other vital tissues during hypoxemic and general-
ized fetal distress. These technologies may reveal signs of fetal
distress and provide early indications of fetal compensatory
failure.

Intrauterine fetal resuscitation
Given the immaturity of fetal organ function, the fetal dis-
position to cardiovascular instability and collapse, and the
multiple stresses of surgery and its associated anesthetics on
fetal compensatory mechanisms, a plan for fetal resuscitation
must always be prepared in advance (Table 126.3).

Both maternal and fetal factors may contribute to fetal
decompensation, and both maternal and fetal interventions
may contribute to effective fetal resuscitation. Whether or not
uteroplacental insufficiency is implicated, measures should be
undertaken to maximize oxygen delivery to the fetus. These
maternal measures include left lateral positioning to relieve
aortocaval compression, FiO2 of 1.0 if intubated, or high-flow
oxygen administration with a face mask to increase fetal oxy-
gen saturation. A rapid intravenous (IV) fluid infusion, possi-
bly including vasopressor administration, may be employed to
improve uterine blood flow. If there is evidence of uterine con-
traction, efforts must be undertaken to enhance uterine relax-
ation, including tocolysis if necessary.

Limited access to the fetus with hemodynamic decompen-
sation may complicate resuscitation measures. Hemodynamic
compromise may result from hypoxemia, acute fetal hemor-
rhage or routine surgical bleeding, preexisting fetal cardiac
disease and/or anemia, electrolyte abnormalities, hypother-
mia, and/or other forms of generalized fetal distress. Open
procedures lend direct access to the fetus and allow direct
cardiac compressions (100–150 compressions per minute),

Table 126.3. Fetal resuscitation interventions

Intervention Dose Notes

Atropine 20 µg/kg (minimum dose 0.1 mg) Useful to counteract significant fetal vagal responses to stress and
hypoxemia; useful as prophylaxis prior to intervention

Epinephrine 10–20 µg/kg May be repeated every 3 min; increasing doses may be of limited benefit
Calcium gluconate 100 mg/kg Calcium chloride (20 mg/kg) may be substituted
Sodium bicarbonate 1–2 mEq/kg Of unclear benefit; given acidemia inherent to anesthesia with volatile

anesthetics, may be reasonable to enhance efficacy of epinephrine
PRBCs 10–15 ml/kg to achieve an Hb

increment of 2–3 g/dl
Generally reserved for acute loss of > 25% estimated blood volume

Hb, hemoglobin.
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intravascular (IV) or intramuscular (IM) delivery of rou-
tine resuscitation medications (epinephrine, atropine, sodium
bicarbonate), and packed red blood cells (PRBCs). When giv-
ing PRBCs, consideration should be given to their pH correc-
tion to limit excess potassium delivery. Calcium gluconate may
be needed to limit citrate-induced hypocalcemia. To assure nor-
mothermia and prevent umbilical kinking, the fetus should be
continuously bathed in warm fluids.

During minimally invasive procedures, similar medications
may be given, but delivery is generally limited to IM or intrac-
ardiac administration under ultrasound guidance. Even PRBCs
may be delivered via an intracardiac route, but special care
must be taken to adjust blood pH and temperature as well as
to deliver volume slowly so as not to distend the fetal heart or
produce excessively hypoxemic cardiac output. Large pericar-
dial effusions should be drained. If resuscitation fails, mater-
nal transabdominal or transmyometrial compressions may also
be considered, although utility may be limited. Consideration
should also be given to emergent delivery in viable fetuses,
although preparation for such should be a part of preprocedure
planning.

Postoperative considerations
Preterm labor poses the greatest risk to the postoperative fetus.
Maternal and fetal stress, and hysterotomy in particular, greatly
increase the risk of preterm delivery, compromising fetal well-
being directly via preterm delivery and limiting the matura-
tional efficacy of the intervention. Maternal prophylaxis with
tocolytic agents and aggressive pain control are standard ther-
apy following open interventions. There is some suggestion
in an animal model that IV opioid analgesia provided to the
mother may inhibit postoperative myometrial contractions.
Epidural anesthesia using a low concentration of local anesthet-
ics and a high concentration of opioids may provide effective
maternal and fetal analgesia, but the effect on preterm labor is
not yet known.

Fetal assessment is more difficult. Fetal heart rate anal-
ysis in the immediate postoperative period may be useful
for determining fetal distress; echocardiography may also
reveal the fetus’s general cardiovascular state, and cerebral
artery pulsatility indices may further help to assess fetal well-
being. The fetal ductus arteriosus should also be monitored
for patency and diameter change following indomethacin
exposure.

A look to the future
Clearly, with advances in surgical and anesthetic techniques and
technologies, significant progress may bemade inmidgestation
fetal intervention. Already there is movement toward expand-
ing treatment to include not only life-threatening fetal patholo-
gies but also preemptive management of fetal disorders that are
not necessarily life-threatening but have significant, disabling
postpartum morbidities.

The particular challenges for anesthesiologists are to
develop methods to provide selective fetal anesthesia and anal-
gesia as well as techniques of targeted uterine relaxation so
that safer, specifically tailored anesthetics may be provided to
all patients involved in the fetal intervention. Enhanced fetal
monitoring will help the anesthesiologist provide better care
for the fetus during both the procedure and the postoperative
period. With such advances, the provision of fetal anesthesia
may become amore routine part of pediatric surgical and anes-
thetic practice, bringing with it new opportunities for practice
and research and new problems to be solved.

Suggested readings
Boris P, Cox PBW, Gogarten W, et al. Fetal surgery,

anaesthesiological considerations. Curr Opin Anaesthesiol 2004;
17:235–340.

East CE, Colditz PB. Intrapartum oximetry of the fetus. Anesth Analg
2007; 105(6 Suppl):S59–S65.

Fisk NM, Gitau R, Teixeira JM, et al. Effect of direct fetal opioid
analgesia on fetal hormonal and hemodynamic stress response to
intrauterine needling. Anesthesiology 2001; 95:828–835.

Golombek K, Ball RH, Lee H, et al. Maternal morbidity after
maternal-fetal surgery. Am J Obstet Gynecol 2006; 194:834–839.

Kohl T, Muller A, Tchatcheva K, et al. Fetal transesophageal
echocardiography: clinical introduction as a tool during cardiac
intervention in a human fetus. Ultrasound Obstet Gynecol 2005;
26:780–785.

Lakhoo K. Introduction: surgical conditions of the fetus and
newborn. Early Hum Dev 2006; 82:281.

Myers LB, Cohen D, Galinkin J, et al. Anesthesia for fetal surgery.
Paediatric Anaesth 2002; 12:569–578.

Okutomi T, Saito M, Kuczkowski KM.The use of potent inhalational
agents for the intrapartum treatment (exit) procedures: what
concentrations? Acta Anaesthesiol Belg 2007; 58:97–99.

Robinson MB. Frontiers in fetal surgery anesthesia. Int Anesthesiol
Clin 2006; 44:1–15.

Tame JD, Abrams LM, Ding X, et al. Level of postoperative analgesia
is a critical factor in regulation of myometrial contractility after
laparotomy in the pregnant baboon: implications for human fetal
surgery. Am J Obstet Gynecol 1999; 180:1196–1201.

775





Part 24 Pediatric Anesthesia

Lucinda L. Everett, editor
Chapter

127 Basic considerations for pediatric anesthesia
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Anesthetic care of infants and children requires an under-
standing of the differences that exist between the adult and
pediatric population with respect to anatomy, physiology, and
pharmacology. It also requires attention to the unique psychol-
ogy of the child and family, which has an effect on the conduct of
anesthesia.

Anatomy and physiology relevant
to pediatric anesthesia
Respiratory
By approximately 24 weeks gestation, the lung has developed
primitive gas exchange. Over 26 to 35 weeks of gestation, res-
piratory epithelial cells begin to form terminal sacs (which
will later become mature alveoli), and the cells begin to dif-
ferentiate and to produce surfactant. Mature alveoli develop
beginning at 35weeks gestation. At birth, children have approx-
imately one sixth of their adult number of alveoli; this helps
to explain the sensitivity of premature and newborn lungs to
mechanical ventilation and other insults. The majority of alve-
oli are formed by the age of 2 years, and the adult number is
reached by ∼8 years. Relative to body size, infant tidal vol-
umes approximate adult values (7–10 ml/kg). Respiratory rate
is higher to match the infant’s greater oxygen consumption
(6ml/kg/min vs. 3ml/kg/min in adults) andmetabolic rate. (See
Table 127.1 for normal pediatric vital signs by age.) The infant
chest wall lacks rigidity, and the lung has poorly developed elas-
tic fibers, which leads to less negative intrapleural pressure and
predisposes to early airway closure and decreased functional
residual capacity (FRC). Compensatory mechanisms are abol-
ished by anesthesia, causing FRC to fall markedly. High com-
pliance of the infant chest wall means that less positive airway
pressure is required during mechanical ventilation.The infant’s
increased alveolar ventilation to FRC ratio and greater oxygen
consumption results in faster oxygen desaturation during ven-
tilatory depression. Lungmechanics approach the adult state by
1 year of age.

Rhythmic breathing begins at approximately 30 weeks ges-
tation, and control of breathing matures over the first month
of life. Periodic breathing (5- to 10-second episodes of apnea
without hemoglobin [Hb] desaturation) is common in full-term
and especially in premature neonates, up to 12 months of age.

Apnea of prematurity is defined as apnea ≥ 20 seconds or a
shorter apnea episode (≥10 seconds) associated with bradycar-
dia (heart rate � 100) or oxygen desaturation to � 80% to 85%.
Apnea ismore common inpremature infants and in infantswith
upper respiratory tract infection (URI). See further discussion
in Chapter 128.

Cardiovascular
At birth, the fetal circulation changes to the neonatal as
pulmonary vascular resistance (PVR) decreases and systemic
vascular resistance (SVR) increases. As a series circulation is
established through the lungs and body, there is normally func-
tional closure of the foramen ovale and the ductus arterio-
sus, which will close anatomically over the next few months.
The foramen ovale closes anatomically over months to years
but remains patent in up to 25% of adults. Hypoxemia, aci-
dosis, or elevated pulmonary pressures can return a neonate’s
circulation to a fetal-like circulation with shunting. Changes
in myocardial function, conduction, and autonomic innerva-
tion also occur during the first days and months of life. The
cardiac output of neonates is especially dependent on heart
rate because the less compliant myocardium limits increases
in stroke volume. Neonates have less cardiac reserve than
older infants and children because of higher baseline preload,
afterload, and decreased contractility. Hypoxemia, acidosis,
and large anesthetic doses can profoundly depress the neona-
tal myocardium. The development of the cardiac conduction

Table 127.1. Normal vital signs in children, by age

Age
Respiratory
rate Heart rate

Systolic
blood
pressure

Diastolic
blood
pressure

Preterm 60 140 (90–180) 50 35
Neonate 45–50 140 (90–180) 60 45
6 mo 35–40 120 (80–150) 70 55
1 y 25–30 110 (80–150) 80 65
6 y 20–25 100 (60–110) 90 60
10 y 20 90 (50–90) 100 65
16 y 12–16 80 (50–90) 120 70

Modified from Chapters 2 and 3 of Motoyama EK, Davis PJ (eds.). Smith’s
Anesthesia for Infants and Children. 7th ed. Philadelphia: Mosby Elsevier;
2006.
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Table 127.2. Estimated circulating blood volume

Patient age Estimated blood volume, ml/kg

Premature neonate 90–100
Full-term neonate 80–90
3–12 mo 75–80
1–6 y 70–75
>6 y 65–70

Modified from Chapter 11, p. 367, of Motoyama EK, Davis PJ (eds.). Smith’s
Anesthesia for Infants and Children. 7th ed. Philadelphia: Mosby Elsevier;
2006.

system is less well studied, but it is worth noting that the pre-
mature infant and neonate have shorter refractory periods.
Arterial baroreceptors and chemoreceptors are mature at birth,
and autonomic–cardiovascular interactions are well developed
although they continue to mature over the first 6 months of life.

Hematologic
At birth, the Hb concentration averages 17 g/dl with approxi-
mately 80% HbF, which has a higher oxygen affinity than does
adult HbA. At birth, levels of 2,3-diphosphoglycerate (2,3-DPG)
increase, compensating for this high oxygen affinity to allow
oxygen unloading in the tissues. The high PaO2 after birth
reduces erythropoiesis, and Hb decreases to a nadir of approxi-
mately 10 to 11 g/dl at 2 to 3months (7–10 g/dl at age 6 weeks in
premature infants). Over the first 6 months of life, the switch to
HbA occurs. Coupledwith the higher 2,3-DPG levels in infants,
the switch to HbA leads to Hb oxygen affinity lower than that
of adults (arterial PO2 at which hemoglobin is 50% saturated
with oxygen [P50] of ∼30 mm Hg vs. 27 mm Hg in an adult).
These factors slowly approach adult levels over the first decade
of life, and, because they allow more tissue unloading of oxy-
gen, they may be the reason that children normally have lower
Hb levels than adults (11.5–12 g/dl from age 3 months to 2
years, increasing to adult levels by puberty). Estimated blood
volumes by age are shown in Table 127.2. The coagulation sys-
temmatures slowly over the first decade of life. Platelet function
improves over the first few days of life. Vitamin K–dependent
coagulation factors at birth are ∼50% of adult values; a single
prophylactic dose of vitamin K is generally given to newborns.
Preterm neonates are especially at risk for bleeding.

Neurologic
Neuronal growth and development continue throughout child-
hood. The sympathetic nervous system matures more slowly
than the parasympathetic, leading to exaggerated vagal
responses to stimuli, such as airway manipulation or hypoxia,
in infants. In animal studies, it has been found that young
neurons are more sensitive to therapeutic and toxic effects
of local anesthetics. Studies in rodents also show apoptosis
of neonatal brain cells after exposure to several types of
anesthetics, including ketamine, isoflurane, and midazolam.
Other studies in humans show, however, that pain and surgical
stress in neonates lead to long-term effects on pain sensitivity,

behavior, and cognition. Current recommendations are to
provide appropriate anesthesia in neonates for necessary
procedures with care to avoid excessively high doses.

The neonatal brain is less tolerant of extremes. In neonates,
the blood–brain barrier is more easily injured by hypoxemia.
Premature infants are at risk for intracerebral and intraventric-
ular hemorrhage, which can be triggered by high blood pres-
sure, hypoxia, hypercarbia, anemia, overtransfusion, and rapid
administration of hypertonic fluids (e.g., bicarbonate, glucose).
Similarly, the premature and neonatal retina is sensitive to high
oxygen, and retinopathy can result from oxygen supplementa-
tion in infants up to 44 weeks post-conceptual age (PCA).

Renal and hepatic
Nephrogenesis is complete in the term neonate. Renal blood
flow and glomerular filtration rate are low at birth and increase
to adult levels by 2 years of age. Concentrating and diluting
capacity are also low at birth and mature during early child-
hood. Neonates, especially preterm, are sensitive to fluctuations
in fluid and solute loads and are prone to dehydration, hypona-
tremia (which can lead to cerebral edema), hyperkalemia,
hypocalcemia, and hypo- and hyperglycemia.

The fetal and neonatal liver stores glycogen, makes and
metabolizes proteins, metabolizes drugs and toxins, and is the
site of hematopoiesis (up to 6 weeks of age). Protein synthesis
and protein and drug metabolism are decreased in neonates,
reaching adult levels by approximately 1 year of age.

Temperature regulation
Infants and young children are more easily cooled or warmed
because of increased surface area-to-volume ratio, a thinner
subcutaneous fat layer, less keratinized skin, and high minute
ventilation. They are thus more susceptible to hypothermia
under anesthesia. Nonshivering thermogenesis is the major
mechanism of heat production in neonates and is gradually
replaced by the more effective shivering thermogenesis by
approximately 2 years of age.

Pharmacology
Pharmacokinetic and pharmacodynamic differences between
children and adults are most pronounced and clinically signifi-
cant in infants up to the age of 3 to 6months. In this population,
the volume of distribution is larger, protein binding is reduced,
and hepatic metabolism and renal excretion are diminished,
whereas the sensitivity to various drugs may be enhanced.

Inhaled anesthetics
The minimum alveolar concentration (MAC) of most volatile
anesthetics is greater in infants than in older children and
adults, but is lower in term neonates and especially preterm
neonates (see Table 127.3). The MACs of sevoflurane for
neonate and infant are similar. The MAC of sevoflurane for
endotracheal intubation (the inhaled anesthetic concentration
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Table 127.3. MAC value (%) and age

Sevoflurane Isoflurane Desflurane Halothane

Neonate 3.3 1.3–1.7 9.2 0.87
Infant 3.3 1.7 9.4 1.1
Child 2.5 1.6 8.0 0.9
Adult 2.0 1.2 6.0 0.75

Modified fromChapter 11, p. 368,Motoyama EK, Davis PJ (eds.). Smith’s Anes-
thesia for Infants and Children. 7th ed. Philadelphia: Mosby Elsevier; 2006.

that would allow intubation with no coughing or movement
in 50% of pediatric patients) is 2.8%, and the MAC for extu-
bation is 2.3%. Similarly, the MAC of sevoflurane for laryngeal
mask airway (LMA) placement and removal are 2.0% and 1.5%,
respectively. In children, nitrous oxide has a blunted effect on
the MAC of sevoflurane and desflurane (60% inspired nitrous
oxide reduces the MAC by only 25%).

Inhaled anesthetic drugs increase in concentration in the
alveoli more rapidly in children than in adults due to a higher
minute ventilation-to-FRC ratio and higher blood flow to
vessel-rich organs. High concentrations of potent inhalational
agents can cause bradycardia, hypotension, or cardiac arrest
in infants and young children, particularly when ventilation
is controlled. Halothane causes more pronounced bradycardia
and is more of a myocardial depressant than is sevoflurane;
halothane also sensitizes the myocardium to catecholamines.
In addition, the halothane vaporizer allows more MAC-
equivalents than does the sevoflurane vaporizer, which may
have contributed to the reported cases of halothane overdose.

The lack of pungency of sevoflurane and halothane makes
these agents useful for inhalational induction. Induction of
anesthesia is slightly shorter with sevoflurane than with
halothane due to sevoflurane’s lower solubility in blood. The
incidence of coughing, breath holding, laryngospasm, and
bronchospasm may be slightly lower with sevoflurane. Isoflu-
rane and desflurane are not used for induction due to airway
irritation. Emergence agitation, primarily in preschool-age chil-
dren, may be more common after administration of insoluble
anesthetic gases such as sevoflurane and desflurane, although
the literature is not conclusive.

Muscle relaxants
The use of succinylcholine in pediatric anesthesia has declined
primarily because of life-threatening complications, such as
malignant hyperthermia, and hyperkalemic cardiac arrest in
children with undiagnosed muscular dystrophy. The adminis-
tration of succinylcholine is accompanied by varying degrees of
masseter muscle rigidity and/or spasm in 1% of children. Mild
rigidity may represent a normal response to succinylcholine,
especially if underdosed. Fifty percent of patients with severe
masseter rigidity test positive for malignant hyperthermia. If
definitive masseter spasm occurs, triggering agents should be
discontinued and the surgical procedure postponed, unless urgent.

Bradycardia, junctional rhythm, and sinus arrest may be
seen after succinylcholine in pediatric patients, but pretreat-

Table 127.4. Intubating doses of neuromuscular blockers in childrena

Drug Dose, mg/kg
Minutes to
intubation

Minutes to
recovery, T25b

Succinylcholine IV: 2.0 <1.0 3–5
IM: 4.0 3.0 20

Vecuronium IV: 0.1 2.0 73 (infants)
35 (children)
53 (adults)

Rocuronium IV: 0.6 1.0 10–30
IV: 1.2 0.5 40–75

Cisatracurium IV: 0.2 1.5 43 (infants)
36 (children)

Pancuronium IV: 0.1 2.5 45–60

a Maintenance doses (one-fourth of the intubating dose) may be given
when one twitch is present.

b T25 is the time from injection to recovery of 25% of baseline neuromuscu-
lar transmission or three to four twitches to a train-of-four stimulus.

ment with atropine (0.02 mg/kg) reduces this complication.
Fasciculations are often not seen because of the small mus-
cle mass. Succinylcholine may increase intraocular pressure.
Despite its drawbacks, succinylcholine remains valuable when
immediate securing of the airway is necessary or for treatment
of laryngospasm. It may be used for rapid-sequence induction
(RSI) in patients with a full stomach; RSI with rocuronium
(1.2 mg/kg intravenously [IV]) is also acceptable if succinyl-
choline is contraindicated. Infants and young children require a
larger dose of succinylcholine because of a larger volume of dis-
tribution (see Table 127.4), and the duration of action is shorter
partly because the drug is more rapidly distributed away from
the effector site by a greater cardiac output.

Neonates are more sensitive to nondepolarizing muscle
relaxants: Vecuronium, rocuronium, and pancuronium have a
lower 95% effective dose (ED95) and a longer time to recovery in
infants; cisatracurium has a longer recovery time in infants, but
the ED95 is the same as in children or adults.The vagolytic effect
of pancuronium prevents bradycardia associated with fentanyl
administration for cardiac and other high-risk procedures in
infants when a longer duration is appropriate. Nondepolariz-
ing blockade may be reversed with neostigmine (0.07 mg/kg)
administered with atropine (0.02 mg/kg) or glycopyrrolate
(0.01 mg/kg).

Opioids
Fentanyl is the most commonly used opioid in pediatric anes-
thesia. Because of its lipid solubility, its brain concentration
is not affected by the immaturity of the blood–brain barrier,
but neonates metabolize fentanyl more slowly than infants do.
The initial dose is typically 1 to 5 µg/kg IV, depending on the
duration and magnitude of surgery. High-dose fentanyl (10–50
µg/kg) is sometimes used as themajor component of anesthesia
for cardiac surgery or in sick neonates to provide cardiovascu-
lar stability and to blunt the stress response. Intranasal fentanyl
(1–2 µg/kg) may be given for analgesia when an IV is not used,
such as in myringotomy. Oral transmucosal fentanyl is formu-
lated for premedication, but its utility is limited by respiratory
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depression, nausea and/or vomiting, dysphoria, and overseda-
tion. The initial IV dose of morphine is 0.05 to 0.1 mg/kg. Due
to decreased clearance and immaturity of the blood–brain bar-
rier, morphine should be administered with caution in infants
less than 1month of age (0.025–0.05mg/kg IV). Significant his-
tamine release may follow an IV bolus of morphine. Infants
and young children require higher bolus and infusion doses
of remifentanil than do adults, reflecting the larger volume of
distribution and increased elimination clearance, respectively.
Bolus doses of 1 to 2 µg/kg administered over several minutes
are followed by an infusion dose of 0.1 to 0.5µg/kg/min titrated
to effect. If remifentanil is chosen as the major intraoperative
opioid, adequate longer-acting opioidmust be administered for
postoperative analgesia.

Sedatives and hypnotics
Thiopentalmay be used for IV induction in pediatric anesthesia
as its injection into small veins is painless. Due to a higher vol-
ume of distribution, the induction dose is higher in infants and
young children than in adults (5–7 mg/kg). Neonates require a
lower dose (3–4 mg/kg), reflecting a higher free fraction of the
drug. The elimination half-time (6 ± 3 hours) is significantly
shorter than in adults (12± 6 hours). Propofol is used for induc-
tion in doses of 3 to 5 mg/kg for infants and 1.5 to 2.5 mg/kg
for older children. Maintenance doses are also larger in chil-
dren because of greater elimination clearance. Infusion doses
of 150 to 250 µg/kg/min preserve spontaneous ventilation and
can be used for nonpainful procedures that require immobil-
ity (CT, MRI). When used for general anesthesia in conjunc-
tion with opioids or other agents, ventilatory assistance may be
required. Long-term infusions (�12 hours) in the intensive care
unit (ICU) setting have been associatedwithmetabolic acidosis,
myocardial failure, and death. Propofol producesmore suppres-
sion of pharyngeal and laryngeal reflexes than an equipotent
dose of thiopental. Etomidate (0.2–0.4 mg/kg) may be used for
induction in cases of severe hypovolemia or decreased cardio-
vascular function.The potential for adrenal suppression should
be noted.

Ketamine is used in pediatric anesthesia as intramuscular
(IM) premedication for extremely uncooperative patients, as
oral premedication, for brief sedation for painful procedures,
or as an adjunctive intraoperative analgesic. It may also be
used for induction in patients with a difficult airway, severe
bronchospasm, or marginal cardiovascular status as respiration
and blood pressure are usually preserved. Anesthesia after a
single IV dose lasts 5 to 10 minutes and can be maintained
with repeated doses of 0.5 to 1.0 mg/kg; 0.25 to 0.5 mg/kg IV
may be adequate to provide analgesia. Infants �6 months old
may require up to fourfold higher doses than older children.
For premedication, ketamine is administered in doses of 2 to 3
mg/kg IM, or 4 to 10 mg/kg orally (PO). A small dose of mida-
zolam may prevent distressing nightmares and hallucinations
associated with ketamine use. Ketamine increases intracranial
pressure for approximately 15minutes and intraocular pressure

for approximately 30 minutes. Ketamine stimulates salivation
and may predispose to laryngospasm; an antisialogogue is
often given.

Midazolam is administered for preoperative sedation in
doses of 0.5 to 0.7 mg/kg PO, not exceeding a 20-mg total dose,
with minimal incidence of respiratory depression. The clinical
effect begins at ∼10 minutes, peaks at 15 to 30 minutes, and
dissipates by ∼45 minutes. It can also be administered intra-
nasally (0.2 mg/kg) with faster onset, or IV (0.05–0.1 mg/kg).

Initial studies suggest that the �2-receptor agonists cloni-
dine and dexmedetomidine may have utility in pediatric anes-
thesia. As premedication, oral clonidine (4 µg/kg) requires
approximately 40 minutes until peak effect. IV clonidine (1 to
2 µg/kg) or IV dexmedetomidine (0.1–0.3 µg/kg, slowly over
10 minutes) may augment analgesia and reduce the incidence
of emergence agitation. Dexmedetomidine is given by infusion
in some centers as a sole agent for pediatric procedural sedation.
Clonidine and dexmedetomidine are alternatives tomeperidine
for treatment of postoperative shivering at doses of 1 and 0.5
µg/kg, respectively, given as a single bolus slowly IV.

Anticholinergic agents are used infrequently with modern
anesthetics but may be used to reduce oral secretions or to pre-
vent vagally mediated bradycardia during induction.The doses
are (1) atropine IV or IM at 0.02 mg/kg, or (2) glycopyrrolate
IV or IM at 0.01 mg/kg. Potential side effects include temper-
ature elevation, central nervous system (CNS) irritation, and
flushing.

Nonopioid analgesics and other
adjuvant medications
Acetaminophen is a useful nonopioid analgesic. The oral load-
ing dose is 20–30 mg/kg followed by 10–15 mg/kg every 4 to
8 hours; an initial oral dose may be given in combination with
sedative premedication. The rectal loading dose is 30 to 40
mg/kg (20 mg/kg in neonates) followed by 20 mg/kg every 6 to
8 hours. Absorption following rectal administration is variable,
with peak concentration reached 1 to 3 hours after administra-
tion. Maximum daily doses, which should be followed scrupu-
lously due to the risk of hepatotoxicity, are 100 mg/kg for
children � 1 year old, 75 mg/kg for infants (age 1 month to 1
year), 60 mg/kg for neonates � 32 weeks PCA, and 40 mg/kg
for preterm neonates ≤ 32 weeks PCA; the dosage interval is
longer in neonates due to decreased metabolism. An IV form
of acetaminophen was recently approved by the Food and Drug
Administration and is given in a dose of 15 mg/kg.

Ketorolac doses of 0.5mg/kg IV every 6 hours for less than 5
days have been used successfully for postoperative pain control
in neonates, infants, and children. Bleeding potential and renal
dysfunction are relative contraindications to nonsteroidal anti-
inflammatory agents.

Ondansetron (0.05–0.15mg/kg) and dexamethasone (0.15–
0.5 mg/kg, up to a maximum of 10 mg) are often used for pro-
phylaxis during procedures with a high risk of postoperative
nausea and vomiting (PONV; ophthalmic surgery, inner ear
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surgery, tonsillectomy, or adenoidectomy) or in patients with
a history of PONV or motion sickness.

Patient preparation
Preoperative preparation of pediatric patients must take into
account their psychological development as well as the family
dynamics. The goals of preoperative preparation are to reduce
anxiety and stress before induction and minimize behavioral
problems that may occur days and weeks after surgery, such
as temper tantrums, separation anxiety, enuresis, and sleep and
appetite disturbances. Parental anxiety reduction and satisfac-
tion with the perioperative experience are also important.

Many preoperative preparation techniques have been eval-
uated in the literature. Individualized preoperative interven-
tions, such as seeing a child-life specialist at age-appropriate
times before surgery (approximately 1 week for children �6
years old, a shorter time for ages 3–6, and probably no prepa-
ration for those �3 years old), are most likely to successfully
diminish patient anxiety in the holding area. Listening tomusic
may reduce anxiety in the holding area and possibly during
anesthesia induction, especially if live-interaction music is pro-
vided by a music therapist. Limiting sensory stimulation (using
dim lighting and soft music and interacting with only one per-
son, usually the anesthesiologist) may also alleviate anxiety
during induction. Sedative premedication reduces preoperative
anxiety and improves cooperation with mask induction in the
majority of children.

Reducing parental anxiety can be helpful in calming pedi-
atric patients as anxious parents are less able to respond to their
children and may increase the child’s anxiety. Informational
videotapes and acupuncture for parents have been shown to
allay anxiety about anesthesia preoperatively. Being invited to
be present for their child’s anesthesia induction also increases
parental satisfaction with the perioperative experience but has
not been shown to reduce parental or patient anxiety (preopera-
tively or postoperatively) or to change the incidence of postop-
erative behavioral disturbances in pediatric patients, although
it may be beneficial in a subset of child–parent pairs.

Induction
Inhalation induction of anesthesia is the most common choice
for pediatric patients in the United States because most chil-
dren dread needles, and it is practical due to the rapid onset
in children.Maintaining spontaneous ventilation during induc-
tion allows the patient to self-regulate anesthetic depth and
may protect against overdose. When an inhalational induction
is inappropriate (full stomach or intestinal obstruction, risk of
malignant hyperthermia, acutely elevated intracranial pressure)
IV induction is performed. The pain of venipuncture can be
reduced by EMLA cream (eutectic mixture of local anesthetics)
applied 45 minutes ahead of time or lidocaine delivered via a
needleless injection system immediately before IV placement.
Sedative premedication or nitrous oxide (70% in oxygen) may
also help to facilitate IV placement.

The anesthesiologist should adapt the induction to fit the
child’s age, temperament, and personality; the family dynamic;
and any relevant medical issues. Common methods to calm
a child include allowing parental presence during induction,
applying a scent to the inside of the mask, and distracting
the patient with songs, storytelling, games, jokes, and so forth.
Options for inhalation induction range from startingwith a pre-
filled breathing circuit of 70% nitrous oxide and 8% sevoflurane
in oxygen (pungent smelling but rapid-acting) to starting with
just 70%nitrous oxide in oxygen for a fewminutes, slowly intro-
ducing sevoflurane, and increasing the concentration every few
breaths (often better tolerated initially but slower).

A larger tongue, smaller oral cavity, and smaller nasal pas-
sages predispose children to obstruction after anesthesia is
induced. Airway obstruction is managed by applying gentle
chin lift and jaw thrust, opening the mouth (ensuring that the
tongue is not against the roof of the mouth), obtaining a tight
mask fit, and slightly closing the pop-off valve to generate 5 to 10
cm of continuous positive airway pressure (CPAP). One hand
should remain on the breathing bag as much of the time as pos-
sible to confirm adequate, easy gas exchange. When the patient
is sufficiently anesthetized, an oral airway can be inserted if
necessary. IM doses of succinylcholine (4 mg/kg) and atropine
(0.02 mg/kg) should be readily available in case laryngospasm
or bradycardia develops prior to securing IV access. After the
patient has passed through the excitatory stage and is more
deeply anesthetized, an IV cannula is inserted, the concentra-
tion of the agent is decreased, and nitrous oxide is discontinued
in preparation for securing the airway.

Securing the airway
Intubation can be facilitated with muscle relaxant, deep inhala-
tional anesthesia, a bolus of propofol, or a short-acting opioid.
For all but the shortest cases, endotracheal intubation is usually
chosen for infants less than 6months of age because of potential
difficulty in maintaining upper airway patency, decreased FRC
with faster oxygen desaturation, and higher likelihood of inflat-
ing the stomach during mask ventilation. For some procedures,
in children 6 to 12 months or older, maintenance of anesthesia
with a mask or LMA is acceptable. Due to the relative cepha-
lad location of the pediatric larynx, adequate positioning of the
LMA is more difficult in pediatric patients, and delayed airway
obstruction may occur in up to 25% of the patients. Indications
for endotracheal intubation are otherwise similar to those in
adults.

There are major anatomic differences in the airway anatomy
of infants and children that should be taken into consideration
for pediatric intubation. Infants have a larger occiput, obviat-
ing the need for neck flexion to attain the “sniffing position”;
a shoulder roll may allow better ability to extend the head and
open the mouth.

The more cephalad larynx (C3–4 in infants vs. C4–5 in
adults) and the proximity of the tongue lead to a more acute
angle between the plane of the tongue and the plane of the lar-
ynx (see Fig. 127.1). The epiglottis is short and omega-shaped
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Figure 127.1. (A) The three axes requiring alignment in order to intubate
the trachea via direct laryngoscopy. (B) Alignment of the axes with proper
positioning.

in the infant and small child, and longer and U-shaped in the
older child. It is stiffer, and angled into the lumen of the air-
way,making itmore difficult to displace during laryngoscopy. A
straight laryngoscope blade displaces the tongue anteriorly, lifts
the epiglottis out of the way, and improves the angle between
the tongue and larynx. It may be difficult to lift the epiglottis
without its slipping off the laryngoscope blade. If this happens,
the blade should be advanced further into the hypopharynx and
slowly withdrawn until only the glottis slips off the blade. The
infant glottis is shown in Fig. 127.2. The vocal cords have a
lower insertion anteriorly than posteriorly, and occasionally the
endotracheal tube (ETT) is held up at the anterior commissure.
Pushing the tube posteriorly or flexing the head will facilitate

Figure 127.2. Appearance of the infant glottis. Courtesy A. Inglis, MD.

advancement. Excessive laryngoscopic lifting can angle the tra-
chea forward and impede advancement of the tube.

The narrowest part of the infant larynx is the cricoid ring.
As the child grows (at approximately 10–12 years of age), the
triangle-shaped glottis becomes the narrowest part of the lar-
ynx. A small degree ofmucosal edema can significantly increase
the airway resistance in smaller children. The appropriate ETT
size (seeTable 127.5) is approximately the diameter of the child’s
fifth finger or nostril. The modified Cole’s formula may also be
used for patients � 2 years old:

Internal tube diameter (mm) =
[
age(years) + 16

4

]
.

Because there is great variability in tracheal size, ETTs
0.5 mm larger and smaller than predicted should be readily
available. A tight ETT may cause trauma, whereas a loose tube
may not protect against aspiration or permit adequate venti-
lation. The pressure at which a leak is audible (auscultating
over the neck or mouth) approximates the pressure against
the tracheal wall. Because tracheal damage occurs with pres-
sures exceeding capillary pressure (20–25 mmHg), it is recom-
mended to avoid leak pressures exceeding 30 cm H2O. The use

Table 127.5. ETT size guidelines for patients less than 2 years old

Age Weight, kg ETT ID, mm

Premature <2 2.5–3.0
Term 3–4 3.0–3.5
0–6 mo 3–5 3.5
6–12 mo 5–10 4.0
1–2 y 10–14 4.5
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Table 127.6. Simplified pediatric transfusion guidelines

Component Indication
Volume to
transfuse

Change in parameter
expected from
transfusion

Packed RBCs Hb <7–8 g/dl with symptoms 10–15 ml/kg Hb increase of 2–3 g/dl
Acute blood loss ≥15% of total blood volume
Hb <12 g/dl with severe cardiopulmonary disease (<15 g/dl for neonates and

premature infants)

Platelets <10,000 per µl 5–10 ml/kg Platelet increase of
50,000–100,000 per µl<50,000 per µl if active bleeding or major surgery planned

<100,000 per µl with CNS bleeding or planned CNS surgery or in sick, premature infant
with active bleeding

FFP Emergency reversal of warfarin 10–15 ml/kg Factor activity increase of
15%–20%PT >1.5 × midrange of normal value or PTT > 1.5 × top range of normal value;

Replacement for specific factors when their concentrates are unavailable

Cryoprecipitate Hypofibrinogenemia or dysfibrinogenemia with active bleeding or invasive procedure; 1–2 U per 10 kg of
patient weight

Fibrinogen increase of
60–100 mg/dlIf DDAVP or factor VIII is unavailable; in a patient with von Willebrand disease with active

bleeding or invasive procedure

PT, prothrombin time; PTT, partial thromboplastin time; FFP, fresh frozen plasma.
Modified from Roseff SD (ed.). Pediatric Transfusion: A Physician’s Handbook. 1st ed. Bethesda, MD: American Association of Blood Banks; 2003.

of oversized tubes is associatedwith postintubation croup, espe-
cially in young children with a URI or a prior history of croup.
If, however, the passage of the ETT was without resistance and
the procedure is expected to be short, a tight tube may be kept
in place, considering the additional tracheal trauma associated
with reintubation. Mucosal swelling may be reduced by dexam-
ethasone (0.5 mg/kg).

Traditionally, uncuffed tubes have been used in patients less
than 8 years of age, based on the fact that, in this age group, the
cricoid ring provides a natural seal around the ETT.The slightly
larger lumen obtained by creating a seal with an uncuffed tube
was also considered an advantage.Theuse of cuffedETTs (inter-
nal diameter [ID] 0.5–1.0 mm smaller than that of uncuffed
tubes) has been shown to be safe in all ages, and their use has
become more popular in recent years to avoid multiple intuba-
tion attempts, allow lower fresh gas flows, and decrease oper-
ating room pollution. The ability to adjust cuff pressure may
decrease the incidence of mucosal trauma compared to seal-
ing with an uncuffed tube, particularly with prolonged intuba-
tion. Care must be taken not to inflate the cuff with pressures
higher than 20 to 25 mm Hg and to position the cuff in the
midtrachea, not straddling the larynx. The pressure of the cuff
should be checked periodically, especially when using nitrous
oxide.

The ETT insertion distance (measured at the teeth or gums)
is roughly equal to the size of the ETT multiplied by 3, but
the insertion distance should be confirmed by visually noting,
during direct laryngoscopy, the point at which the ETT is 2 to
3 cm past the vocal cords. Some ETTs have black line markings
designed to rest at the level of the vocal cords. An easy estimate
of the appropriate length of the tube at the gums is 10 cm for a
newborn, 11 cm for a 1-year-old, and 12 cm for a 2-year-old.The
ETT may be positioned by advancing it until no breath sounds
are heard in the left axilla (right mainstem intubation) and then

withdrawing the ETT to 2 cm above the point where bilateral
breath sounds are again noted (the carina). In neonates, the dis-
tance from carina to vocal cords is only 4 to 5 cm, increasing
the risk of accidental extubation and mainstem intubation with
neck extension and flexion, respectively.

Fluid management and transfusion
Healthy term neonates and infants can often be managed for
routine anesthetics using an hourly maintenance fluid guide-
line of 4 ml/kg for the first 10 kg, 2 ml/kg for the next 10 kg, and
1 ml/kg for the remainder of the body weight. Glucose supple-
mentation is important in premature or debilitated infants and
in term neonates within the first few days of life, and should
be considered separately from fluid boluses. Although healthy
term neonates and infants have higher glucose requirements
than do older children, the stress response to surgery usu-
ally increases the serum glucose under anesthesia, and hypo-
glycemia (glucose � 45 mg/dl) is rare in older children.

Guidelines for intraoperative transfusion are listed in Table
127.6. In general, signs of hemodynamic instability (hypoten-
sion, tachycardia), coupledwith significant observed blood loss,
strongly suggest the need for red-blood-cell transfusion. In pro-
cedures during which it is more difficult to measure blood loss
accurately, the anesthesiologist must have increased suspicion,
especially in neurosurgical, craniofacial, and major orthopedic
(e.g., scoliosis) operations.

Maintenance and emergence
Anesthesia is maintained with the same agents used in adult
patients. (See Pharmacology section earlier in this chapter).
Meticulous care should be taken to maintain fluid and temper-
ature homeostasis and to monitor for accidental extubation or
mainstem intubation, ETT kinking or occlusion by secretions,
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infiltration of the IV line, and excessive pressure by equipment
or the surgical team.

At the end of the procedure, all anesthetics are discontin-
ued, muscle relaxants are reversed, and the stomach is emp-
tied if indicated. Tracheal extubation may take place after the
patient is fully awake or during deep anesthesia, depending on
the patient and care setting. Before awake tracheal extubation,
the child should be able to maintain regular nonparadoxical
breathing, demonstrate adequate muscular tone (sustained hip
flexion, forceful cough, grimace using the eyebrows) and spon-
taneously open the eyes or perform purposeful movements.
During emergence through the second stage of anesthesia,
infants and young children may exhibit breath holding, bron-
chospasm, and chest wall rigidity or desaturation. Bucking on
the tube may lead to postintubation croup if extubation is
unnecessarily delayed; however, full return of reflexes and a reg-
ular respiratory ratemust be sustainedprior to extubation.After
careful oropharyngeal suctioning, the ETT is removed, the face-
mask is applied, and oxygen is administered. If the patient is not
moving air, laryngospasm should be suspected and treated with
positive pressure and a small dose of succinylcholine if needed
(see section below on laryngospasm).

Some anesthesiologists favor deep extubation for patients
with severe reactive airways disease and for those in whom
severe coughing could jeopardize surgical outcome (e.g., oph-
thalmic surgery). Adequate depth must be confirmed prior to
extubation (e.g., no reaction to movement of the ETT). After
removal of the breathing tube, an oral airway is placed to pre-
vent upper airway obstruction and the mask is held for a few
minutes to verify ventilation.The patient is placed in the lateral
decubitus position to keep the airway clear; it is important to
understand that these patients remain at risk for laryngospasm
and aspiration until full consciousness is regained.

Compared with adults, children develop more coughing,
laryngospasm, and breath-holding during emergence. There-
fore, in children, LMAs are often removed during deep anesthe-
sia, followed by insertion of an oral airway as described earlier
in this chapter. A small bolus of propofol (1 mg/kg) may also
facilitate smooth removal of the LMA while preserving sponta-
neous respirations.

Pediatric anesthesia risk and complications
Respiratory complications, such as laryngospasm, broncho-
spasm, or oxygen desaturation, represent the most common
intraoperative adverse events (Fig. 127.3). Factors identified as
being predictors of respiratory complications are asthma, URIs,
passive smoking, younger age, anesthetic care by a nonpedi-
atric anesthesiologist, ENT surgery, and tracheal intubation not
facilitated by the use of a muscle relaxant.

Cardiovascular causes, followed by respiratory causes,
account for the highest proportion of anesthesia-related car-
diac arrests. The most frequent cardiovascular cause seen in
cases submitted to the POCA (Pediatric Perioperative Car-
diac Arrest) registry between 1998 and 2004 was hypo-
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Figure 127.3. Rate of adverse events during anesthesia and in postanesthe-
sia care unit (PACU) in different age groups. Adapted from Murat I, Constant
I, Maud’huy H. Perioperative anaesthetic morbidity in children: a database of
24,165 anaesthetics over a 30-month period. Pediatr Anesth 2004; 14:158–166
(Fig. 1, p. 161).

volemia related to blood loss (e.g., scoliosis surgery, craniofa-
cial surgery), usually as a result of underestimation of bleeding,
insufficient peripheral venous access, and/or inadequate mon-
itoring of hemodynamic parameters. The two second-most-
common causes of cardiac arrest were (1) laryngospasm and
(2) hyperkalemia resulting from rapid transfusion of old or
irradiated blood. Use of fresh red blood cells (RBCs) as well
as washing old blood (stored � 2 weeks) and RBCs irradi-
ated more than 48 hours prior to administration reduces the
incidence of transfusion-related hyperkalemia. The decline of
halothane use in favor of sevoflurane over the past decade has
led to a significant reduction in the proportion of medication-
related arrests although medications remain the most common
cause of anesthesia-related cardiac arrests in ASA 1–2 children.

Laryngospasm
Children are at higher risk than adults are for laryngospasm,
and this risk is increased by an ongoing or recent respiratory
infection. Laryngospasm represents reflex closure of the glot-
tis triggered during light anesthesia by stimuli such as blood,
secretions, or a foreign body in the airway or by other stim-
uli, such as manipulation of the neck, venipuncture, removal
of adhesive tape, and surgical incision. The obstruction can be
partial (manifested by inspiratory stridor) or complete (mani-
fested by loss of ventilation and paradoxical movement of the
chest). Partial laryngospasm is treated by applying chin lift and
jaw thrust, which stretch andwiden the partially obstructed air-
way, ventilating with 100% oxygen, and maintaining moderate
CPAP while squeezing the bag synchronously with inspiratory
efforts of the patient. Small amounts of propofol (1–2 mg/kg),
succinylcholine (0.25–0.3 mg/kg), or a nondepolarizing muscle
relaxant may be administered if these maneuvers fail to break
laryngospasm. Complete laryngospasm may also resolve with
a short trial of CPAP but otherwise requires rapid administra-
tion of propofol (IV only) or succinylcholine (IV or IM, if no
intravascular access has been obtained). Negative-pressure pul-
monary edema may develop after upper airway obstruction.
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Pulmonary aspiration
The risk of aspiration in children is low (1–10:10,000) but
slightly higher than that in adults, according to several studies.
Factors that may make infants and young children more sus-
ceptible to regurgitation are a shorter esophagus, lower gastroe-
sophageal sphincter tone, excessive swallowing of air during
crying, and a tendency for upper airway obstruction compli-
cated by insufflation of air into the stomach during positive
pressure ventilation. There is a higher incidence of aspiration
in patients with intestinal obstruction or ileus, higher Ameri-
can Society of Anesthesiologists (ASA) status (3 and 4), emer-
gency surgery, and severe obesity. Pulmonary aspiration may
cause bronchospasm, laryngospasm, atelectasis, and chemical
pneumonitis; however, clinical effects in healthy patients may
be minimal or short-lived. If the patient remains asymptomatic
with normal oxygen saturation for at least 4 hours after emerg-
ing from anesthesia, it is unlikely that symptoms will appear
later. Chest radiography is indicated in the presence of respi-
ratory distress or persistent hypoxemia.

Emergence agitation/delirium
Children ages 2 to 5 years are at the highest risk for emergence
agitation/delirium, a state of hyperexcitation that includes dis-
orientation, inconsolable crying and/or screaming, and violent
movements (flailing, kicking, rolling). Patients may demon-
strate increased sensitivity and reactivity to their environment.
The causes are unknown but appear to be related to untreated
pain, preoperative anxiety, volatile anesthetics, and patient tem-
perament. This agitation usually appears immediately after
emergence but can occur up to 30 minutes afterward. It is self-
limited, lasting 5 to 20 minutes (rarely longer).

Certain medications given preoperatively or intraopera-
tively may help to reduce the incidence of emergence delir-
ium. Ensuring that patients awaken pain-free by using regional
anesthesia, opioids, �2-receptor agonists, or ketorolac has been
associatedwith less emergence agitation. In several studies, pre-
medication with oral midazolam also reduced emergence delir-
iumwithout increasing length of stay.Other approaches include
premedication with ketamine or melatonin.

The primary goal of treating emergence agitation/delirium
is to keep the patient safe from self-injury. Often treatment is
best limited to holding the child in a comforting and gentle
manner while avoiding stimuli such as noise or bright light. If
pain is suspected as a potential cause, a small dose of IV fentanyl
(1 µg/kg) can be effective. Bringing a parent to the bedside may
help to resolve the agitation. If the agitation/delirium is espe-
cially severe or prolonged, it may be treated with sedatives such
as midazolam (0.02–0.1 mg/kg), propofol (0.5–1 mg/kg), or
dexmedetomidine (0.5 µg/kg), along with careful monitoring.

Pediatric facility requirements and
credentialing of providers
Patient care facilities that wish to provide anesthesia for pedi-
atric patients must have a full selection of pediatric equipment

Table 127.7. Pediatric anesthesia equipment and drugs

• Airway equipment for all ages of pediatric patients: ventilation masks,
tracheal tubes, oral and nasopharyngeal airways, laryngoscopes with
pediatric blades, fiber-optic airway equipment

• A separate, fully stocked “difficult airway cart” containing specialized
equipment for management of the difficult pediatric airway

• Positive-pressure ventilation systems appropriate for infants and
children

• Devices for the maintenance of normothermia (e.g., warming lamps,
circulating warm-air devices, airway humidifiers, and fluid-warming
devices)

• IV fluid administration equipment including pediatric volumetric fluid
administration devices, intravascular catheters in all pediatric sizes, and
devices for intraosseous fluid administration

• Noninvasive monitoring equipment for electrocardiography,
measurement of blood pressure, pulse oximetry, and capnography

• Equipment for the measurement of arterial and central venous
pressures in infants and small children

• Pediatric resuscitation cart, including pediatric defibrillator paddles
• Resuscitation cardiac drugs in appropriate pediatric concentrations

and drugs (see Table 127.7), laboratory and radiology capabil-
ities, as well as nursing and physician staff with documented
competence in the care of these patients. The only exception is
an operative procedure required in a life-or-death emergency.
Pediatric patients designated as being at increased anesthesia
risk (e.g., neonates, patients requiring postoperative intensive
care, patients with other coexisting medical conditions) should
be under the care of an anesthesiologist with special training
in pediatric anesthesia or a provider with documented, demon-
strated competence in the care of this population. The general
anesthesiologist should be able to provide safe anesthesia for
routine pediatric surgery; recognize when the clinical condition
of the patient requires skills, facilities, or support beyond the
capabilities of the anesthesiologist or institution; and be able
to resuscitate neonates, infants, and children. All other health
care providers involved in the perioperative care of an infant
or child, such as nurses and respiratory therapists, should be
trained and experienced in routine and emergent pediatric care.
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Chapter

128 Preoperative evaluation of the pediatric patient
and coexisting diseases
Scott A. LeGrand and Thomas M. Romanelli

The practice of pediatric anesthesia may be particularly chal-
lenging because the formulation of an appropriate perioper-
ative technique requires not only a physiologic assessment of
the patient and the disease processes that have prompted surgi-
cal intervention, but a reasonable understanding of the child’s
and family’s emotional state as well. The increasing frequency
of pediatric outpatient procedures may limit the time that an
anesthesiologist has to conduct a thorough review of all the
issues pertinent to the pediatric patient. This chapter will focus
on the psychological and physiologic assessment of the pedi-
atric patientwith an emphasis on commonly encountered issues
affecting their management. Evaluation of the child with con-
genital heart disease is detailed in a separate chapter.

Psychological assessment
Many factors will influence how a patient and his or her fam-
ily respond to the prospect of having anesthesia. These fac-
tors include the child’s age and medical history, cultural issues,
experience with previous anesthetics, and the reasons for which
surgery is needed. Anticipating and recognizing these factors
may aid in forming a trusting bond with the patient and fam-
ily and relieving anxiety. It is helpful if information regarding
the anesthetic is available in advance through books, pamphlets,
videos, and so forth that can provide education without dis-
rupting perioperative flow. It is important to reassure patients
and their families, and time should be spent to explain the pro-
cess from induction to postprocedure care. Children tend to
interpret words literally, and it is best to use simple language
to explain procedures. Prior to administering any preopera-
tive sedation, discuss with parents its risks and benefits and
what they can expect after the medication is given. Encour-
age the child to hold a comfort object such as a toy, doll, or
blanket. Consider allowing the parents to be present for induc-
tion of anesthesia (in accordance with hospital policy); calm,
well-prepared parents can provide emotional support for the
child.The inclusion of child-life specialists, if available,may also
smooth the induction period.

Physiologic assessment
Physiologic assessment of a child about to undergo anesthesia
begins with a thorough history of present illness, a review of the

indication for surgery and presenting symptoms, and pertinent
organ system involvement. Current medications and hyperali-
mentation (if any) must be recorded, and the patient’s NPO sta-
tus confirmed.

Features of the past medical history that are of particular
importance to pediatric patients include gestational age and
birth weight, any complications of labor and delivery, the pres-
ence of congenital disorders, prior hospitalizations, a history
of apneic or bradycardic spells, and previous anesthesia and
any side effects. Drug, food, or latex allergies should be doc-
umented. Additionally, inquire about sick contacts and an up-
to-date immunization schedule. Seek out symptoms of upper
respiratory tract infection (URI) and environmental smoke
exposure, because both may result in increased airway sensitiv-
ity. Ask the parents if the child’s physical activity is normal or
decreased. Difficulties with feeding in young infants may indi-
cate cardiorespiratory embarrassment. Previously diagnosed
cardiopulmonary dysfunction (e.g., known patent foramen
ovale, pulmonary hypertension, congenital heart disease, sleep
apnea, tracheal stenosis) should be assessed for current sever-
ity. Family history is of particular importance in pediatric
patients and should include history of malignant hyperther-
mia (MH), sickle cell, von Willebrand disease, hemophilia,
plasma cholinesterase deficiency, muscular dystrophies, and
cystic fibrosis.

General assessment of the patient’s mental status, level of
alertness, and ease of interaction can be made during the
preoperative interview. Physical examination in most healthy
children may be limited to a cardiopulmonary focus. Airway
assessment includes the presence of micrognathia, loose teeth,
or obvious caries. Dysmorphic facial features may indicate a
congenital syndrome associated with a difficult airway. Signs of
respiratory compromise include nasal flaring, nasal discharge,
wheezing, stridor, and retractions. Heart murmurs or cyanosis
should be noted as these may indicate congenital heart disease.
Abdominal distention or emesis may influence management of
the airway in addition to indicating possible gastrointestinal
disease. Bruising, oozing, or pallor from anemia may be signs
of hematologic disease.

Laboratory studies should be ordered based on the pre-
senting illness, anticipated surgery, and postoperative course.
Baseline hemoglobin values are useful for surgery with
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potential for large blood loss. Coagulation studies are indicated
for hemophiliacs or for long surgeries with significant blood
volume replacement. Glucose levels should be monitored in
newborns due to their highermetabolic rates and limited stores.
Pulmonary function tests are useful to quantify the severity
of chronic lung disease (e.g., cystic fibrosis). Echocardiogram
results should be reviewed in patients with congenital heart dis-
ease. Other imaging studies and relevant anatomy should be
reviewed based on the presenting complaint.

Coexisting disease in the pediatric patient
Respiratory
Apnea of prematurity
Apnea of prematurity is common among newborns born at
less than 34 weeks gestation with its incidence being inversely
related to both gestational and postconceptual age. Central
apnea is related to central nervous system (CNS) immaturity
as well as abnormal responses to hypercapnia and hypoxia.
Obstructive apnea may also occur in which uncoordinated
upper airway musculature causes cessation of airflow. Apnea of
prematurity is often mixed apnea (i.e., a combination of both
central and obstructive apnea).

Therapy for apnea of prematurity includes patient position-
ing to prevent airway obstruction, gentle tactile stimulation to
elicit arousal responses in the setting of brief apnea, and respira-
tory stimulants such as aminophylline, theophylline, or caffeine
for chronic therapy or in the perioperative period.

Volatile agents, opioids, and hypnotic drugs used in anes-
thesia have the potential to worsen apnea as many decrease the
ventilatory response to hypercarbia and hypoxia. Central apnea
may be exacerbated by hypothermia, hypoglycemia, and ane-
mia. Although they are thought to be associated with a lower
risk of apnea than is general anesthesia, regional techniques
have also been associated with postoperative apneic spells.
Therefore, for newborns less than 60 weeks post-conceptual
age who are at risk for apnea of prematurity, outpatient surgery
is generally not recommended, and appropriate cardiorespira-
tory monitoring should be available, regardless of anesthetic
technique.

Bronchopulmonary dysplasia
Bronchopulmonary dysplasia (BPD), sometimes referred to as
chronic lung disease of the newborn, has changed in its pre-
sentation since it was first described in 1967. The diagnosis of
BPD is based on the need for oxygen therapy and/or ventilatory
support in relation to the infant’s developmental age and birth
weight. This consensus definition has not yet been universally
accepted, however, and the strength of its correlation to long-
term pulmonary and neurodevelopmental outcomes remains
unclear.

The older form of BPD resulted from aggressive mechani-
cal ventilation and the delivery of high concentrations of oxy-
gen in the premature newborn. The constellation of edema and

Table 128.1. Causes of chronic lung disease and definition of BPD

Causes of chronic lung disease:
Premature newborns
BPD (old or new)
Prematurity
Status after respiratory distress syndrome

Term and near-term newborns
BPD (old)
Pneumonia or sepsis
Aspiration syndromes
Persistent pulmonary hypertension of the newborn
Pulmonary hypoplasia
Diaphragmatic hernia
Congenital heart disease

Current definitions of BPD:
Diagnosis
Oxygen dependence for at least 28 postnatal days

Grading at 36 postmenstrual wk for infants born at <32 wk or at 56 d of
life for infants born at ≥32 wk

Mild: FiO2 < 0.21
Moderate: FiO2 0.22–0.29
Severe: FiO2 ≥ 0.30 or continuous positive airway pressure or mechanical

ventilation required

FiO2, fraction of inspired oxygen. The definition of BPD was adapted from
Jobe and Bancalari.; also adapted from Bimkrant DJ, Panitch HB, Benditt JO,
et al.

inflammatory processes in the conducting airways resulted in
pulmonary fibrosis and emphysematous changes inmany of the
survivors. These patients developed smooth muscle hypertro-
phy and pulmonary hypertension with associated right-sided
cardiac dysfunction.

The introduction of corticosteroid therapy as well as exoge-
nous surfactant replacement and gentler modes of ventilatory
support have advanced the survival of premature, low-birth-
weight infants. Surprisingly, the overall incidence of BPD has
not changed, but rather a new pattern of lung injury has
emerged.This change in pathophysiology has led to the present
form of BPD. (See Table 128.1.)

Premature infants younger than 30 weeks gestational age
may display evidence of pulmonary developmental arrest. The
disruption of parenchymal organization leads to fewer alveoli
and a reduced surface area for effective gas exchange. There
is also evidence that microvascular angiogenesis is adversely
affected. Some recent studies suggest that BPD may be influ-
enced by genetic and environmental factors. The preterm
survivors who grow into adulthood may develop chronic res-
piratory symptoms and pulmonary volumetric abnormalities,
but, unlike the prior cohort, tend not to suffer from pulmonary
hypertension or fibrosis.

It is important to consider the persistence of pulmonary
dysfunction when conducting anesthesia for these patients,
especially because BPD represents a spectrum of disease and
physiologic embarrassment. A focused history and physical,
documenting baseline symptoms and limitations of physi-
cal activity, is critical for planning. It is also important to
note that airway hyperreactivity is common, and patients are
prone to respiratory infections. Preoperative consultation with
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pulmonary and intensive care specialistsmay be useful for those
patients with severe BPD.

Supportive care in these patients has focused on limit-
ing barotrauma (e.g., modes that closely regulate mean air-
way pressures and I:E ratios), techniques and medications
that enhance secretion clearance, inhaled corticosteroids, �2-
agonists, and diuretics. Invasive monitoring for serial blood-
gas measurements should be considered, especially for those
patients with severe disease. Appropriate postprocedure care,
including admission to an intensive care setting, should be con-
sidered on an individual basis. Regional anesthesia, whether
used as the primary anesthetic or for supplemental postoper-
ative pain control, may be appropriate for selected patients.

Asthma
Asthma results in reversible airway obstruction, inflamma-
tion, and increased reactivity to a variety of stimuli. Com-
mon symptoms include wheezing, coughing, breathlessness,
and chest tightness. With severe cases, however, air move-
ment may be so minimal that wheezing is no longer audi-
ble. Airway obstruction causes air trapping and hyperinflation
of the lung, and impairs ventilation–perfusion matching. Ini-
tially, hyperventilation causes a decreased PaCO2. With wors-
ening obstruction and fatigue of respiratory muscles, however,
PaCO2 begins to increase.Therefore, a normal PaCO2 level in a
child with a severe asthma attack is an ominous sign. Manage-
ment of asthma includes supplemental oxygen, inhaled agents
(including albuterol and ipratropium bromide), epinephrine,
and intravenous steroids.

The history of a child with asthma should include the doc-
umentation of asthma triggers; frequency of inhaler use; his-
tory of hospitalization, intubation, or pneumothorax; and need
for systemic steroids. Asthma medications should be contin-
ued until the time of surgery. As endotracheal intubation may
cause bronchospasm, adequate depth of anesthesia should be
ensured, and bronchodilators should be available for admin-
istration intraoperatively. Additionally, if full stomach precau-
tions are not necessary, deep extubation may help to limit
bronchospasm.

Upper respiratory tract infection
URIs are extremely common in pediatric patients, with most
children having at least six to eight infections per year. The
majority of URIs are viral, with rhinovirus being the most
common cause. Other infections, such as croup, influenza, and
streptococcal pharyngitis, may mimic URI. Additionally, non-
infectious etiologies, such as allergic rhinitis, may cause URI-
like symptoms. Although URI is typically self-limited, airway
hyperreactivity may persist for weeks following infection.Thus,
controversy exists as to the timing of surgery for children with
current or recent URI. Tait and colleagues examined 1078 chil-
dren (1 month to 18 years old) who presented for elective
surgery, and found that children with a URI within 4 weeks
prior to surgery had significantly more episodes of breath hold-
ing, oxygen desaturation, and overall adverse respiratory events

than did children without URI, although incidence of laryn-
gospasm and bronchospasm were no different between groups.
Risk factors for adverse respiratory events in children with URI
included use of an endotracheal tube, history of prematurity,
history of reactive airway disease, paternal smoking, surgery
involving the airway, presence of copious secretions, and nasal
congestion. There were no long-term adverse sequelae for the
children with adverse respiratory events. A suggested algo-
rithm for the management of children with URI is presented in
Fig. 128.1.

Anesthetic management for children with current or recent
URI is aimed at reducing the risk of airway complications.
To that end, avoidance of endotracheal intubation in favor of
a mask airway or even a laryngeal mask airway (LMA) may
be beneficial. If the nature of the surgical procedure neces-
sitates use of an endotracheal tube, sufficient depth of anes-
thesia should be ensured prior to intubation. If a volatile
anesthetic is used for maintenance, it is preferable to use a non-
irritating agent, such as sevoflurane or halothane. Deep versus
awake extubationmay be appropriate depending on the specific
patient situation and the experience or preference of the anes-
thesiologist.

Secondhand smoke exposure
Exposure to secondhand smoke is known to have negative
health consequences. Recent studies have shown anesthetic
complications to be among these deleterious effects. Jones and
colleagues performed a prospective study of a cohort of 405
childrenwhohad outpatient procedures performedundermask
anesthesia.The childrenwith secondhand smoke exposurewere
at increased risk for nearly all airway complications examined,
including laryngospasm, bronchospasm, hypersecretion, and
airway obstruction, both during anesthesia and in the recovery
room. For this reason, it is prudent to screen for secondhand
smoke exposure in the preoperative evaluation for all children
scheduled to undergo general anesthesia.

Sleep apnea
Sleep apnea is discussed in detail in the section on pediatric oto-
laryngologic procedures. Although this is an obvious compo-
nent of the preoperative evaluation of the child presenting for
tonsillectomy, it is important to remember that children with
enlarged tonsils or sleep apnea of other etiologies may present
for other types of procedures. History of snoring, disordered
sleep, and daytime somnolence are important historic features.
Children with sleep apnea may require overnight admission for
monitoring and may also exhibit an exaggerated response to
opioids.

Cystic fibrosis
Cystic fibrosis is an autosomal recessive disorder seen in the
Caucasian population. Typical manifestations of the disease
include meconium ileus, inadequate weight gain, protein mal-
absorption, recurrent pulmonary infections, nasal polyps, and
pancreatic insufficiency. Early in the course of cystic fibrosis,
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Child with URI Symptoms

Surgery urgent?

Proceed

Proceed

Proceed

Proceed Postpone 4 weeks

Postpone 4 weeks

Infectious etiology

Severe
symptoms?

Yes No

No or recent URI

General
anesthesia

Risk factors?
•Hx of asthma
•Use of an ETT
•Nasal congestion
•Parental smoking
•Surgery of airway
•Hx of prematurity

Management
•Avoid ETT
•Consider LMA
•Pulse oximetry
•Hydration
•Humidification?
•Anticholinergics?

Other factors?
•Need for expedience
•Parents traveled far
•Surgery canceled previously
•Comfort anesthetizing
  child with URI

Risk/benefit

Good Poor

Yes No

Yes No

Yes

Figure 128.1. Suggested algorithm for the assessment and anesthetic
management of the child with a URI. Hx, history; ETT, endotracheal tube.
Reproduced with permission from Tait, AR, et al, Anesth Analg 2005; 100:
59–65.

Staphylococcus aureus is typically isolated from the respira-
tory tract; with disease progression, however, Pseudomonas
aeruginosa becomes more common. Treatment of the disease
includes pancreatic enzyme replacement, chest physiotherapy,
and treatment of respiratory infections.

Anesthetic management of patients with cystic fibrosis
begins preoperatively with an evaluation of the manifesta-
tions of disease for the particular patient. Preoperative pul-
monary function studies may help to quantify the degree of
pulmonary disease and difference from baseline; these results
often show an obstructive pattern. Additionally, any pulmonary
fibrosis or intraluminal secretions can cause increased alveolar–
arterial oxygen tension differences on arterial blood gas anal-
ysis. Increased arterial carbon dioxide concentrations may
be seen in advanced disease. Liver involvement may lead to
impaired synthesis of clotting factors. Other preoperative tests
that are useful include a complete blood count, electrolyte anal-
ysis, liver function tests, chest radiograph, and sputum culture
results.

Intraoperative management is dependent on the severity of
the patient’s cystic fibrosis and the nature of the surgical proce-
dure. Local anesthetic techniques offer the advantage of main-
taining spontaneous respiration but may not be appropriate,
depending on the operation and the child’s ability to coop-
erate. If general anesthesia is required, induction may be by
inhalational or intravenous routes. Sevoflurane, due to its bron-
chodilating properties, is probably the best choice for mainte-
nance of anesthesia. Given the risk of pneumothorax in patients
with cystic fibrosis, nitrous oxide may be avoided. Intraopera-
tive monitoring should be guided by the severity of disease and
the extent of the surgical procedure, but may include an arte-
rial catheter and a central venous line. In the case of pulmonary
hypertension and right heart failure, use of a pulmonary
artery catheter or transesophageal echocardiography may be
considered.

Postoperatively, patientswith cystic fibrosis need closemon-
itoring for respiratory compromise. Clearance of secretions is
essential, and the use of humidified oxygen or nebulized hyper-
tonic saline is often of benefit.

Neurologic
Seizure disorder
Seizures may result from a variety of pathologies in the pedi-
atric population, including fever, trauma, infection, toxic inges-
tion, electrolyte disturbance, and hypoglycemia, in addition
to idiopathic seizure disorder. They may be partial (limited
to a focal region of one cerebral hemisphere) or general-
ized (involving both hemispheres). Partial seizures are further
classified as simple or complex based on impairment of con-
sciousness. Generalized seizures may be convulsive or non-
convulsive.

Anesthetic care of patients with seizure disorder should
focus on the patient’s presenting symptoms and pattern, the
pharmacologic treatment regimen, and information regarding
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the degree of control that drug therapy provides. Blood lev-
els, if available, should be reviewed as well as any side effects
or end-organ effects from the seizure medications. Anti-
seizure medications should typically be continued during the
perioperative period. Several anesthetic drugs or metabolites
may lower the seizure threshold, including the meperidine
metabolite normeperidine, and laudanosine, a metabolite of
atracurium and cisatracurium. Ketamine and methohexital
may also precipitate seizures. Increased doses and shortened
dosing intervals of nondepolarizing neuromuscular blockers
may be necessary due to enzyme induction from antiseizure
medications. In addition, children with refractory seizures may
be on a ketogenic diet, in which case dextrose administration is
relatively contraindicated.

Muscular dystrophy
Muscular dystrophy refers to a group of progressive muscle
disorders that result in differing patterns of muscle weakness.
Of the muscular dystrophies, Duchenne muscular dystrophy
is the most common, with an incidence of approximately 1 in
3500 male births. This X-linked disorder results in a lack of
dystrophin, a muscle cell membrane protein, and causes weak-
ness starting in the proximal muscle groups of the pelvic and
shoulder girdles. Symptoms generally occur before the age of
five and may include frequent falls, difficulty standing, and gait
abnormalities. Progression of the disease leads to these patients
becoming wheelchair bound prior to their teenage years. Car-
diac involvement is common andmay include arrhythmias and
dilated, hypertrophic cardiomyopathy. Additionally, muscula-
ture of the pulmonary system, including the diaphragm and
accessory muscles, may be involved, leading to decreased lung
capacity, weakened cough, and hypoventilation.

A recent consensus statement has been published to help
guide care for patients with Duchenne muscular dystrophy
who are undergoing anesthesia or sedation. Suggestions for
preoperative care include evaluations by anesthesiologists,
pulmonologists, cardiologists, and nutritionists for the opti-
mization of patient status prior to the procedure. Preoperative
pulmonary function testing is also recommended. Discus-
sion with the patient and family should include risks and
benefits of anesthesia as well as advance directive planning.
Intraoperative suggestions include avoidance of both volatile
anesthetics and succinylcholine given the possibility of acute
rhabdomyolysis with exposure to these agents. Use of an endo-
tracheal tube, LMA, or noninvasive positive pressure venti-
lation are all acceptable and should be guided based on the
clinical status of the patient and the surgical procedure. Post-
operatively, patients with compromised respiratory function,
defined as a forced vital capacity (FVC) less than 50%, may
be extubated directly to noninvasive positive pressure ventila-
tion. Adequate pain control should be ensured. If analgesics
lead to hypoventilation or sedation, extubationmay be delayed.
Assisted cough, as well as an aggressive bowel regimen, may be
necessary postoperatively.

Table 128.2. Representative mitochondrial disorders

Mitochondrial syndromes caused by known mutations
MELAS: mitochondrial encephalopathy with lactic acidosis and
stroke-like episodes

MERRF: myoclonic epilepsy with ragged red fibers
LHON: Leber hereditary optic neuropathy
NAPR: Neuropathy, ataxia, and retinitis pigmentosa
Chronic progressive ophthalmoplegia
MNGIE: Mitochondrial neurogastrointestinal encephalomyopathy

Syndromes based on clinical features
Lethal infantile mitochondrial disease
Leigh syndrome
Cardiomyopathy and myopathy
Sengers syndrome (congenital cataracts, hypertrophic cardiomyopathy,
mitochondrial myopathy, and lactic acidosis)

Barth syndrome (left ventricular noncompaction, skeletal myopathy,
3-methylglutaconic aciduria, and diminished statural growth)

Nonspecific encephalomyopathy

Summarized from Scaglia F, Towbin J, Craigen W, et al. Clinical spectrum,
morbidity, andmortality in 113pediatric patientswithmitochondrial disease.
Pediatrics 2004; 114:925–931.

Metabolic and genetic disorders
Malignant hyperthermia
MH is a genetic, hypermetabolic disorder of calcium reup-
take triggered by volatile anesthetic agents and succinylcholine.
The pathogenesis, clinical features, and treatment are described
elsewhere in this text.

Mitochondrial disease
Mitochondrial disease encompasses a genetically diverse group
of enzyme-complex defects that result in altered energy
metabolism. The energy-intensive organ systems (brain, heart,
and muscle) are most commonly affected. There is an esti-
mated incidence of 1 in 5000 patients with a variable age of
onset and presentation. Specific clinical syndromes are listed in
Table 128.2.

Symptoms reflect the organ systems that are affected by
the impairment of adenosine triphosphate (ATP) production.
Neurologic sequelae include seizures, spasticity, ataxia, and
developmental delay. Muscle weakness and hypotonia are
common. Cardiomyopathies, conduction defects, failure to
thrive, and gastrointestinal dysmotility may present in various
combinations.

Many anesthetic techniques have been successfully applied
in children withmitochondrial diseases with no adverse effects.
Previous concerns about an association betweenMH andmito-
chondrial disease have not been firmly established, and the
current literature does not support the avoidance of volatile
agents. It is possible that children with mitochondrial disorders
may have an increased sensitivity to volatile agents, presenting
with cardiovascular depression in the usual clinical dose ranges.
There is also some concern that the use of propofolmay be asso-
ciated withmetabolic acidosis in some of these patients because
of further impairment of mitochondrial function in the setting
of impaired fatty acid oxidation.
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Patients with mitochondrial disorders do not metabolize
lactate well; administration of normal saline may be preferable
to lactated ringers. In addition, these patients require availabil-
ity of sugar or carbohydrate substrates and so do not tolerate
prolonged fasting; dextrose supplementation is recommended.

Trisomy 21
Trisomy 21, also known as Down syndrome, is a common chro-
mosomal disorder with an estimated incidence of 1 in 600 to
800 live births. Manifestations of the disease vary from patient
to patient but typically include some degree of developmen-
tal delay and a characteristic facial appearance. Children with
Down syndrome frequently have a large tongue and small phar-
ynx, predisposing them to both sleep apnea and difficult mask
ventilation. The trachea may also be somewhat smaller than
expected based on age. Cardiac defects, particularly those of the
atrioventricular canal, are present in approximately 40% of chil-
drenwithDown syndrome.Therefore, an echocardiogram, par-
ticularly in a newborn with a heart murmur, may be indicated
prior to surgery. Intestinal obstruction (e.g., duodenal atresia)
may also be present.

Atlantoaxial instability, wherein laxity of the transverse lig-
ament allows C1 to sublux anteriorly on C2 causing spinal cord
compression, is another relatively common finding in children
withDown syndrome (estimated incidence 10% to 20%). A pre-
anesthetic examination focusing on signs and symptoms of cord
compression is important. Positive findings warrant postpon-
ing elective surgery for further cervical spine evaluation. If the
child has never had radiographic imaging of the cervical spine,
particularly if there is an anticipated or known difficult airway
or if the surgery requires patient positioning in a nonneutral
position, flexion and extension views of the cervical spine may
be useful. Even in the presence of normal radiographs, how-
ever, cervical spine movement should be minimized during the
course of the anesthetic.

Diabetes
Type 1 (juvenile) diabetes is marked by a failure of appropri-
ate insulin secretion resulting in hyperglycemia. The mecha-
nism is believed to be an autoimmune reaction that destroys
the islet cells of the pancreas. Diabetes in this setting may accel-
erate macrovascular disease, leading to early-onset coronary
atherosclerosis as well as microvascular disease and end-organ
damage (retinopathy, neuropathies, etc.).

The ability to achieve normoglycemic control in young chil-
dren is confounded by sensitivity to insulin, variability in phys-
ical activity, and unpredictable eating patterns. The recognized
increase in childhood obesity is yet another complicating factor,
with significant implications in long-term outcomes.

The preanesthetic interview should focus on the current
insulin regimen(s) and a review of the patient’s daily glucose
measurements. The time of last meal and most recent dose of
hypoglycemic agent should be documented. The threshold for
additional glucose measurement (bedside glucometer testing)
should remain low.

Some pediatric patients with diabetes may have an im-
planted subcutaneous pump as part of their therapy.Most anes-
thesia providerswill not discontinue its use in the intraoperative
period, but will perform frequent (every hour) glucose mea-
surements to avoid potential complications.

Hematologic
Sickle cell disease
Sickle cell disease is an autosomal recessive disorder common
among African Americans, which results from abnormal
hemoglobin production. A valine for glutamate substitu-
tion at position 6 on the �-globin chain of hemoglobin
produces a molecule, hemoglobin S, that is prone to polymer-
ization (i.e., sickling) during periods of deoxygenation, acidosis,
hypothermia, or dehydration. The aggregation of hemoglobin
molecules leads to capillary occlusion and hemolysis. The dis-
ease frequently becomes apparent at approximately 6 months
of age, when hemoglobin F levels decline and production of
hemoglobin S begins. At this point, a hemolytic anemia may
be noted. Vaso-occlusive crises may be frequent during child-
hood and are caused by ischemia from capillary occlusion.This
ischemia precipitates further polymerization and can result in
pain and tissue infarction. Strokes may be caused by vaso-
occlusion of the cerebral vasculature. Sickled red blood cells
may be sequestered in the spleen, resulting in splenomegaly.
Repeated splenic infarction may cause splenic dysfunction and
susceptibility to infection from encapsulated organisms. Thus,
vaccination against organisms such as Streptococcus pneumo-
niae andHaemophilus influenzae is of particular importance in
these patients. Acute chest syndrome, a medical emergency, is
the leading cause of death in patients with sickle cell disease.
Precipitating causes are not fully understood but may include
fat embolism and community-acquired pneumonia. Patients
maypresentwith chest pain, fever, hypoxia,wheezing, or pain in
the arms and legs. Neurologic complications or respiratory fail-
ure may develop. Treatment is supportive and includes blood
transfusion (and possibly exchange transfusion), bronchodila-
tor therapy, analgesics, broad-spectrum antibiotics, and supple-
mental oxygen therapy.

Anesthetic considerations for patients with sickle cell dis-
ease include ensuring adequate oxygenation, maintaining suf-
ficient intravascular fluid volume, and avoiding acidosis. For
procedures with large anticipated blood losses, preoperative
transfusion to a hematocrit of 30% has been advocated. Intra-
operatively, hypotension should be promptly treated to prevent
prolonged periods of inadequate tissue perfusion. Normother-
mia is also important to prevent hemoglobin aggregation. Ade-
quate analgesia is important to prevent splinting, but careful
monitoring and supplemental oxygen are required in the post-
operative period.

Sickle cell disease is distinguished from sickle cell trait
in which a child is heterozygous for the sickle cell gene.
Patients with sickle cell trait are typically phenotypically nor-
mal, although some of them may have painless hematuria and
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be unable to concentrate their urine. They do not, however,
experience anemia, vaso-occlusive crises, acute chest syndrome,
or any of the other features of sickle cell disease.

Hemophilia
Hemophilia refers to a group of X-linked disorders resulting
in insufficient production of a coagulation factor. Hemophilia
A is the more common type and causes low to absent levels of
factor VIII, whereas hemophilia B results in deficient or absent
levels of factor IX. These clotting factors are necessary for the
conversion of fibrinogen to fibrin; therefore, these patients are
unable to stabilize platelet plugs. Signs and symptoms of the
disease are variable and depend on the degree of factor insuffi-
ciency. Patients may present with joint or muscle hemorrhages
which, in children, frequently start after they begin to ambulate.
Laboratory tests will show a prolonged partial thromboplastin
time and low to absent concentrations of the deficient factor.
Treatment involves replacement of the appropriate factor. For
patients with mild hemophilia A, desmopressin (which causes
release of factor VIII from endothelial cells) may also be used.
Anesthetic considerations include avoidance of intramuscular
injection ofmedications and of regional anesthesia. For patients
undergoingmajor operations, perioperative factor replacement
is required.

VonWillebrand disease
VonWillebrand disease is themost common inherited bleeding
disorder and results in qualitative and/or quantitative abnor-
malities of von Willebrand factor, a glycoprotein necessary for
platelets to adhere to damaged endothelium. Type 1 vonWille-
brand disease, the most common form, is caused by insuffi-
cient production of normal von Willebrand factor. Its severity
depends on the degree of factor insufficiency, and patients range
from being asymptomatic to having frequentmucosal bleeding.
Frequently, these patients may be undiagnosed until they have
excessive bleeding following mucosal surgery. Patients with
type 1 disease typically respond to desmopressin, which causes
release of factor VIII and vonWillebrand factor from endothe-
lial cells. Type 2 von Willebrand disease is further divided into
five subtypes but is generally caused by both qualitative and
quantitative defects in von Willebrand factor. Desmopressin is
generally not effective for patients with type 2 disease, and treat-
ment with cryoprecipitate is often necessary. Type 3 is the most
severe form of the disease and results in little, if any, functional
vonWillebrand factor. As with type 2 disease, type 3 vonWille-
brand disease does not respond to desmopressin, necessitating
use of cryoprecipitate.

Anesthetic concerns for patients with von Willebrand dis-
ease vary depending on which type of disease is present and
the nature of the surgical procedure. For patients with asymp-
tomatic disease undergoing minor surgical procedures, no
intervention may be necessary. For more complex procedures,
however, pretreatment with desmopressin or cryoprecipitate,
depending on disease type, may be necessary during the peri-
operative period.

Aspiration risk
Full stomach
Pediatric patients, like adults, may present for emergent surgery
without a sufficient period of preoperative fasting, or they may
have pathologies that predispose them to aspiration. In these
patients, as in adults, full stomach precautions must be used,
with placement of an intravenous catheter prior to induction
of anesthesia. Induction may be performed with propofol or
thiopental, without mask ventilation, followed by either suc-
cinylcholine or rocuronium. Given the potential for bradycar-
dia with succinylcholine, atropine may also be administered.
Cricoid pressure is traditionally performed, although its effi-
cacy has been questioned; it is maintained until confirmation
that the airway is secure. Extubation should not be performed
until the full return of airway reflexes. Depending on the nature
of the surgical procedure and the age and cooperation of the
child, regional techniques with minimal sedation may also be
used when full stomach precautions are necessary.

NPO guidelines
In 1999, the American Society of Anesthesiologists published
guidelines for preoperative fasting for healthy patients undergo-
ing elective procedures. For pediatric patients, the recommen-
dations are as follows: 2 hours for clear liquids, 4 hours for breast
milk, 6 hours for infant formula or nonhuman milk, 6 hours
for a light meal (e.g., toast and clear liquids), and 8 hours for
solid foods. These recommendations, however, may be modi-
fied, depending on each patient’s individual pathology.

Suggested readings
American Society of Anesthesiologists Taskforce of Preoperative

Fasting. Practice guidelines for preoperative fasting and the use of
pharmacologic agents to reduce the risk of pulmonary aspiration:
application to healthy patients undergoing elective procedures.
Anesthesiology 1999: 90:896–905.

Baraldi E, Filippone M. Chronic lung disease after premature birth.
N Engl J Med 2007; 357:1946–1955.

Berhe T, Postellon D, Wilson B, Stone R. Feasibility and safety of
insulin pump therapy in children aged 2 to 7 years with type 1
diabetes: a retrospective study. Pediatrics 2006; 117:2132–2137.

Bimkrant DJ, Panitch HB, Benditt JO, et al. American College of
Chest Physicians consensus statement on the respiratory and
related management of patients with Duchenne muscular
dystrophy undergoing anesthesia or sedation. Chest 2007;
132:1977–1986.

Cote CJ, Todres ID, Ryan JF, Goudsouzian NG. A Practice of
Anesthesia for Infants and Children. 3rd ed. Philadelphia:
W.B. Saunders, 2001.

Della Rocca G. Anaesthesia in patients with cystic fibrosis. Curr Opin
Anaesthesiol 2002; 15:95–101.

Driessen J, Willems S, Dercksen S, et al. Anesthesia-related morbidity
and mortality after surgery for muscle biopsy in children with
mitochondrial defects. Pediatr Anesth 2007; 17:16–21.

Hata T, Todd MM. Cervical spine considerations when
anesthetizing patients with Down syndrome. Anesthesiology 2005;
102:680–685.

793



Part 24 – Pediatric Anesthesia

Hayes J, Veyckemans F, Bissonnette B. Duchenne muscular
dystrophy: an old anesthesia problem revisited. Pediatr Anesth
2008; 18:100–106.

Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit
Care Med 2001; 163:1723–1729.

Jones DT, Bhattacharyya N. Passive smoke exposure as a risk factor
for airway complications during outpatient pediatric procedures.
Otolaryngol Head Neck Surg 2006; 135:12–16.

Scaglia F, Towbin J, Craigen W, et al. Clinical spectrum, morbidity,
and mortality in 113 pediatric patients with mitochondrial
disease. Pediatrics 2004; 114:925–931.

Section on Ophthalmology, American Academy of Pediatrics,
American Academy of Ophthalmology and American Association
for Pediatric Ophthalmology and Strabismus. Screening
examination of premature infants for retinopathy of prematurity.
Pediatrics 2006; 117:572–576.

Stoelting RK, Dierdorf SF. Anesthesia and Co-Existing Disease. 4th ed.
Philadelphia: Churchill Livingstone.

Tait AR, Malviya S. Anesthesia for the child with an upper
respiratory tract infection: still a dilemma? Anesth Analg 2005;
100:59–65.

Tait AR, Malviya S, Voepel-Lewis T, et al. Risk factors for
perioperative adverse respiratory events in children with
upper respiratory tract infections. Anesthesiology 2001; 95:
299–306.

Vichinsky EP, Neumayr LD, Earles AN, et al. Causes and outcomes of
the acute chest syndrome in sickle cell disease (erratum appears in
N Engl J Med 2000; 343(11):824). N Engl J Med 2000; 342:
1855–1865.

Wilson W. Prevention of infective endocarditis: guidelines from
the American Heart Association. Circulation 2007; 116:
1736–1754.

794



Chapter

129 Anesthetic considerations for common
procedures in children
Tonya L. K. Miller, Noah E. Gordon, and Mary Ellen McCann

A number of procedures occur frequently in pediatric anesthe-
sia. Building on the basics discussed in prior chapters, anes-
thetic considerations for some common surgical procedures are
presented in this chapter. Anesthesia for other diagnostic and
therapeutic procedures is also discussed.This chapter concludes
with a summary of considerations in pediatric recovery, includ-
ing postoperative nausea and vomiting (PONV).

General pediatric surgery
Anesthesia for hernia and hydrocele
in young infants
Inguinal hernias in infants are indirect hernias inwhich abdom-
inal contents protrude through the internal inguinal canal.
Hydrocele includes the presence of fluid in the potential space
of the processus vaginalis. Hernias are 20 times more com-
mon in infants weighing less than 1500 grams than in the gen-
eral population, and are often repaired in infants to prevent
incarceration of the hernia contents. Clinically, most hernias
or hydroceles present as a unilateral, nonpainful bulge in the
inguinal area, which may be intermittent in nature. Surgery is
indicated if there is a bulge noted during consultation or if there
is a history of a bulge and the surgeon notes a thickening of
the cord structures. An incarcerated hernia, occurring when
abdominal contents become trapped in the hernia sac, can lead
to a cycle of swelling and pain, impaired venous return, and
impaired arterial inflow. Eventually, strangulation can occur,
which can lead to bowel perforation, sepsis, and death. Thus,
an incarcerated hernia that can not be manually reduced is a
surgical emergency.

The most common surgical repair of inguinal hernias is a
through a small inguinal incision and involves reducing abdom-
inal contents and ligating the processus vaginalis at or above
the internal ring. Many surgeons explore or laparoscopically
examine the contralateral inguinal area because inguinal her-
nias are found bilaterally in 10% of infants. Recently, a tech-
nique of completely repairing inguinal hernias laparoscopically
(the hernia sac is closed at the neck with a suture) has been pio-
neered in Europe.

Inguinal herniorrhaphy can be performed under regional
(spinal block, spinal with single shot caudal block, continu-
ous caudal block) or general anesthesia with an ilioinguinal or

single shot caudal block for postoperative analgesia. Regional
anesthesia as an adjunct may allow for a lighter plane of
general anesthesia and eliminate the need for opioids. Spinal
anesthesia may be the preferred anesthetic for infants with a
history of apnea or bradycardia.The success rate of spinal anes-
thesia depends on the anesthesiologist placing the spinal and
on the surgeon doing the surgery. Spinal anesthesia has a low
risk of postoperative apnea and bradycardia; however, addition
of any sedative or hypnotic agents confers the same risk as gen-
eral anesthesia. Spinal anesthesia is generally performed with
hyperbaric bupivacaine (0.75%) or tetracaine (1.0%) dosed at
0.8 to 1.0 mg/kg, mixed with an equal volume of 10% dextrose
in patients who weigh up to 5 kg.

General anesthesia may be preferred for emergency cases
(strangulated or nonreducible incarcerated hernias), when the
patient is uncomfortable and unable to easily be positioned for
a spinal, and also for cases done completely laparoscopically.
Preterm or former preterm infants less than 60 weeks post con-
ception have an increased risk of apnea and bradycardia, and
a small percentage of them may need postoperative ventilatory
support. Caffeine given prophylactically in a dose of 10 mg/kg
intravenously (IV) has been shown to decrease the incidence
of apnea and bradycardia, although some neonatologists have
concerns about the long-term safety of caffeine on the neurode-
velopment of preterm infants. Overnight apnea monitoring is
advised after anesthesia in all former preterm infants under the
age of 60 weeks postconceptual age; the need for monitoring in
term infants is controversial.The advantages and disadvantages
ofregionalandgeneral anesthesiaare summarized inTable129.1.

Table 129.1. Advantages and disadvantages of regional and general
anesthesia for infant hernia

Regional anesthesia General anesthesia

Advantages: Advantages:
Minimal infant exposure to

general anesthetics
Rapid onset and reliability

Minimal disruption in feeding
schedule

Airway control

Disadvantages: Disadvantages:
Limited duration (spinal) Postoperative apnea and bradycardia in

preterm or former preterm infants
Failure rate in infants ranges

from 5% to 30% (spinal)
Risk of pulmonary complications (e.g.,

atelectasis)
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Pediatric neurosurgical procedures
Hydrocephalus
Hydrocephalus is dilatation of the cerebral ventricles with an
excessive amount of cerebrospinal fluid (CSF). It usually occurs
when there is a blockage to the absorption of CSF. This block-
age can lead to increased CSF pressure, which can cause neu-
rologic symptoms. Communicating hydrocephalus refers to
hydrocephalus in which the blockage to flow occurs outside
the ventricular system, and noncommunicating hydrocephalus
occurs when the blockage occurs within the ventricular system.

Congenital causes of hydrocephalus include intrauterine
infections, such as syphilis, toxoplasmosis, cytomegalovirus,
and rubella; isolated aqueductal stenosis; Dandy–Walker mal-
formation; and Chiari type 2 malformation. Acquired causes of
hydrocephalus in childhood include infections of the nervous
system, such as bacterial meningitis, tumors that obstruct CSF
flow, and intracranial hemorrhage, including intraventricular
hemorrhage of premature and newborn infants.

Chronic obstruction of CSF flow in infants with open cra-
nial sutures will lead to head enlargement, bulging fontanelles,
frontal bossing, ventricular dilatation, and a gradual loss of
cerebral white matter. Rapid obstruction to CSF flow results in
nonspecific findings, such as headaches, often accompanied by
nausea and vomiting. Patientsmay be irritable at first, and even-
tually they will become lethargic and drowsy. Papilledema and
diplopia from compression of the third and sixth cranial nerves
may occur. Cushing’s triad (bradycardia, hypertension, and dis-
ordered breathing) indicates impending herniation.

Surgical therapy consists of mechanically shunting CSF to
bypass the normal pathways. Usually, a catheter is placed in a
lateral ventricle and connected to a one-way valve that opens
when the pressure reaches a preset value. The distal end of the
shunt is usually placedwithin the peritoneal space but occasion-
ally is placed within the atrium. Third ventriculostomy, which
may be performed endoscopically, can be used to treat some
forms of hydrocephalus. Shunts can become disconnected,
obstructed, infected, or outgrown by the patient; revision may
need to be done emergently if there is rapid obstruction to
CSF flow.

Shunt placement is done under general anesthesia. Intra-
venous induction with full stomach precautions should be per-
formed in patients who are exhibiting signs and symptoms of
increased intracranial pressure. These cases are true emergen-
cies, and the patients need to be thoroughly evaluated by the
neurosurgical and anesthesia teams. Emergence after any neu-
rosurgical case should be as smooth as possible with careful
assessment that the patient has a regular and adequate respi-
ratory pattern.

Pediatric brain tumors
Fifteen percent of all pediatric solid tumors consist of brain
tumors. The most common tumor is astrocytoma, accounting
for almost 50% of the brain tumors in children. Other com-

mon types include ependymoma, medulloblastoma, and cran-
iopharyngioma. Many children with brain tumors will eventu-
ally be treated with a shunting procedure as well as resection.
Brain edema may be treated acutely with dexamethasone,
but patients should be considered to be at risk for increased
intracranial pressure. Large tumors may require urgent resec-
tion if the clinical condition deteriorates.

Craniopharyngioma is a benign tumor arising from the
anterior portion of the sella turcica which causes neuro-
logic complications, such as headache, hydrocephalus, visual
loss, and pituitary and hypothalamic failure. A full endocrine
workup is required prior to surgery, and patients who are found
to be hypothyroid or hypoadrenal need to have replacement
therapy prior to surgery because these conditions have been
linked to increased intraoperative mortality. In infants and
young children, a frontal craniotomy approach between the
frontal lobes provides the best access to the pituitary gland.
Transsphenoidal surgery is generally performed only in ado-
lescents and older children with pituitary adenomas. In many
patients, a subtotal resection followed by radiation is done
to avoid damaging crucial neurologic structures. Nonetheless,
postoperatively, it is common for patients to exhibit transient or
permanent pituitary failure and for some patients to exhibit dia-
betes insipidus.Up to a third of childrenwill demonstrate recur-
rence of this tumor and will need to have another resection.

Any pediatric craniotomy requires general endotracheal
anesthesia with adequate venous access as well as arterial mon-
itoring. If the patient is not exhibiting signs of hydrocephalus
and increased intracranial pressure, then a mask induction
with a parent present is permitted. Central access and precor-
dial Doppler monitoring may be considered, depending on the
risk of air embolus in the individual patient. Normal saline
for replacement of intraoperative fluid loss is generally prefer-
able to Ringer’s lactate solution. Depending on the location
of the tumor, and particularly with pituitary tumors, diabetes
insipidus or secretion of antidiuretic hormone (SIADH) may
develop intraoperatively.

Anesthesia for pediatric
otorhinolaryngology surgery
Otorhinolaryngology (ORL) procedures are some of the most
common procedures in pediatrics. These are typically short in
duration, requiring a deep level of anesthesia and immobility,
followed by prompt awakening with modest postoperative pain
requirements. Pediatric patients presenting for routine ORL
procedures are often American Society of Anesthesiologists
(ASA) physical status 1 or 2 and appropriate for an ambulatory
setting. Any hospital can also see pediatric airway emergen-
cies, including foreign body (FB), croup, or acute epiglottis. (See
Table 129.2.) Airway bleeding after tonsillectomy can present
emergently and require capable airway management skills
provided by an experienced anesthesiologist. When planning
the anesthetic management of any airway procedure, whether
emergent or elective, one should consider the perioperative
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Table 129.2. Common conditions causing airway obstruction in children

Diagnosis Onset
Breathing on
examination Miscellaneous Typical presenting age

Croup
(laryngotracheobronchitis)

Insidious with prodrome of
URI; also seen postoperatively
after traumatic intubation

Inspiratory stridor, barky
cough, slow inspiratory phase

Stridor and respiratory
compromise worsened with
increased respiratory rate

Infants, children younger
than 3 years

Epiglottitis, acute
supraglottitis

Rapid, fulminant onset with
sore throat and dysphagia

Sitting up, drooling,
dysphonia or aphonia,
dysphagia with inspiratory
obstruction

Limited air flow from the
obstruction can muffle or
obviate the inspiratory
stridor

Children 2–7 years

Subglottic stenosis Congenital, posttrauma, or
prolonged intubation

Respiratory distress, notable
retractions, biphasic stridor

Most common cause is
prolonged intubation

Neonates, infants, or children
of any age after prolonged
intubation

Foreign body Insidious or rapid Decreased air exchange
and/or wheezing

Organic foreign bodies
cause more inflammation;
small, inert foreign bodies
may cause chronic wheeze
or cough

Toddler

expertise and resources that are needed. In some cases, trans-
port of a stabilized patient to a more specialized facility may be
required.

Although pediatric patients presenting for ORL procedures
are usually healthy, they frequently have recurrent upper res-
piratory infections (URIs) or other respiratory issues. Elec-
tive ORL cases may be performed despite the patient having
a current or recent URI because the enlarged tonsils and ade-
noids predispose these children to upper airway congestion
which is only relieved by the surgery. Special focus on the his-
tory of breathing symptoms, including sleep apnea, and care-
ful attention to the respiratory examination are important to
planning the intraoperative and postoperative care of these
patients.

Tonsillectomy and adenoidectomy
The vast majority of tonsillectomy and adenoidectomy (T&A)
procedures are performed for treatment of obstructive sleep
apnea (OSA), with a significant minority performed for the
treatment of recurrent streptococcal throat infections. OSA is
defined as “a disorder of breathing during sleep characterized
by prolonged partial upper airway obstruction and/or inter-
mittent complete obstruction (obstructive apnea) that disrupts
normal ventilation during sleep and normal sleep patterns.”
The incidence of OSA is approximately 2% to 3% of the pedi-
atric population, with the peak incidence occurring between
the ages of 2 and 6 years. There is a continuum between snor-
ing and OSA, but there also exist variations on thresholds for
arousal, as well as degrees of obstruction that lead to hypopnea
or apnea. The incidence of habitual snoring is up to 10% of the
pediatric population, but the majority of these patients do not
show symptoms of OSA, such as sleep disturbance, excessive
daytime somnolence, attention disturbances, emotional insta-
bility, and headaches. Children with disordered breathing by
clinical symptoms and history or by diagnostic polysomnog-

raphy (sleep study) may present for T&A to improve airway
patency by removal of the enlarged lymphoid tissue. It is impor-
tant to recognize that these patients may also have some degree
of altered ventilatory response to hypercarbia and hypoxia
and increased sensitivity to opioids and sedatives. Because of
edema, the airway obstruction may not be completely resolved
in the initial postoperative period. Children with significant
sleep apnea, especially those younger than 3 years or those
with concurrent diseases, should be observed overnight after
tonsillectomy.

With anesthesia induction, these patients are at risk for par-
tial or complete obstruction as the pharyngeal muscle tone
decreases. During inhalation induction, holding continuous
positive airway pressure (CPAP) by mask until the patient
reaches a deeper plane of anesthesiamayminimize the obstruc-
tion, or an oral airway may be required. Airway management
is with either a midline endotracheal tube (ETT) or a flexible
laryngeal mask airway [LMA]). Attention must be paid to not
kinking or dislodging the ETT on placement and removal of
the surgical instrument such as a Boyle–Davis mouth gag (Fig.
129.1). Maintenance of anesthesia can be achieved with inhaled
or IV agents along with narcotic or by use of muscle relaxant
to lessen the amount of anesthetic agent needed. In patients
with a history of significant OSA, it is prudent to avoid seda-
tive premedication and use morphine at 0.05 mg/kg or fentanyl
at 1 µg/kg as intraoperative analgesia, and then titrate in more
narcotic if needed after the patient is awake. Acetaminophen is
routinely administered; there is also some interest in other anal-
gesic adjuncts, such as small doses of ketamine or dexmedeto-
midine. Upon completion of the procedure, the surgeon may
pass an orogastric tube to eliminate any blood that may have
accumulated in the stomach; the oropharynx should be suc-
tioned carefully to avoid initiating bleeding. Many anesthe-
siologists prefer awake extubation of tonsillectomy patients
with OSA.
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Figure 129.1. Patient positioning for tonsillectomy, with mouth gag in
place.

Bronchoscopy
Bronchoscopy is performed to evaluate structural or functional
airway abnormalities (subglottic stenosis, laryngomalacia) or
for emergency situations, such as to remove a FB or to secure
the airway in epiglottitis. Paramount to a safe anesthetic and
successful operation involving a shared airway is close com-
munication between the anesthesiologist and surgeon to dis-
cuss surgical objectives and patient comorbidities and to decide
on an airway management plan prior to the procedure. Prepa-
ration includes having any equipment that could potentially
be needed present and ready to use. Spontaneous ventilation
may be preferable in some situations, relaxation and controlled
ventilation in others. If cautery or laser is to be used, oxygen
concentration should be decreased to minimize the potential
for airway fire. If postoperative airway swelling is likely, dexa-
methasone at 0.25 to 0.5 mg/kg (maximum of 12 mg) should be
considered.

Sevoflurane is frequently used formask induction because it
is the least pungent to the airways and is less arrhythmogenic in
the presence of frequently used hemostatic sympathomimetics.
It may be used by insufflation for airway procedures with spon-
taneous ventilation; however, patients will not remain in a deep
plane of anesthesia for long if the agent is turned off, and oper-
ating room (OR) pollution may be an issue. Propofol’s ability
to blunt laryngeal reflexes and its antiemetic qualities make it
useful in airway surgery, often in conjunction with remifentanil
infusion or a small dose of fentanyl.

Understanding of the specific bronchoscopic system to be
used is crucial, and the anesthesiologist must know how to use
it to deliver oxygen and agents or to ventilate. Jet ventilation
can be used with a suspension laryngoscope from a supraglot-
tic position, where the risk of barotrauma is minimized. In this
position, the adequacy of the ventilation is assessed by watch-
ing the chest rise and recoil; an inspiratory:expiratory (I:E) ratio
of 1:3 (at a minimum) is suggested. Topical anesthesia by the

anesthesiologist or surgeon prior to starting the procedure may
be accomplished by application of 1% to 4% lidocaine to the
larynx, cords, and trachea (maximum of lidocaine at 4 mg/kg
without epinephrine). Whether or not neuromuscular block-
ing agents are used, immobility of the patient is critical during
both suspension of the larynx and, especially, when the trachea
is instrumented to avoid tracheal injury and rupture. A laser
may be used for treatment of laryngeal clefts, papillomas, or
other airway lesions. Goggles should be worn by OR person-
nel to avoid retinal injury from direct or indirect laser beams,
and the patient’s eyes should be covered with a flame-retardant,
light-impenetrable barrier. The airway device should be non-
flammable, such as metal tubes or reinforced and/or wrapped
tubes, and the cuff should be filled with water.

Some specific concerns exist for location and removal of a
FB in the airway. FBs may not be radio-opaque and so may not
be seen on chest radiograph; air trapping may also be indica-
tive of a FB. A FB lodged in an airway can cause complete or
partial fixed obstruction of all airways distal to its location or
a dynamic obstruction creating a ball–valve obstruction lead-
ing to distal air trapping.The anesthesiologist must be prepared
for bronchospasm, difficult ventilation, and possible hypoxemia
during the time it takes for FB retrieval. The anesthetic tech-
nique of paralysis and controlled ventilation, or keeping the
patient breathing spontaneously, is best chosen by preference
consensus between the anesthesiologist and surgeon to opti-
mize patient safety and surgical outcome. After the surgeon has
grasped the FB with the surgical instrument, it is important to
minimize patient movement or cough, which could cause the
FB to be dislodged during removal. Nuts, like any organic FB,
can cause a severe inflammatory reaction, and can also be very
friable and difficult to extract. Postoperative care for these chil-
dren can involve prolonged respiratory support in an intensive
care unit (ICU) setting and treatment of acute respiratory dis-
tress syndrome (ARDS). A sharp FB can cause airway injury
and bronchopleural fistulas. If the FB cannot be retrieved, open
thoracotomy may be required.

Ear procedures
The most common procedure on the ear is bilateral myringo-
tomy (BMT) with placement of ventilation tubes (tympanos-
tomy tubes or grommets). Ear tubes are generally placed while
the patient is under a brief mask anesthetic; the anesthesiologist
must ensure a patent airway with the head turned and be able to
maintain a still working field at critical points. Analgesia is usu-
ally provided with oral (PO) or rectal (PR) acetaminophen, or
nasal fentanyl, because intravenous (IV) catheters are not usu-
ally inserted unless the patient has underlying medical issues
such as cardiac disease.

Cochlear implant or cosmetic ear reconstruction may
involve having the patient’s head a significant distance away
from the anesthesiologist and turned to the side; for this rea-
son, and because of procedure duration, the patient is usu-
ally intubated. Patients having cosmetic ear reconstructionmay
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have hemifacial microsomia or other syndromal abnormali-
ties and should be evaluated carefully for possible difficult air-
way. Middle ear surgery requires a still and bloodless field for
microscopic dissection, ability to monitor facial nerve func-
tion (avoidance of muscle relaxants), and avoidance of nitrous
oxide during closure. Smooth emergence is desirable to mini-
mize bleeding and disruption of the tympanic membrane.

Nasal surgery
Patients presenting for nasal surgery typically have some degree
of nasal obstruction and often come for revision of a congeni-
tal anomaly (e.g., cleft lip or palate) or correction of a traumatic
injury. Nasal surgery or manipulation of nasal bones may cause
bleeding, so protecting the airway fromnasal secretions with an
LMAor oral ETT (OETT) is recommended. If significant bleed-
ing is expected, a throat pack may be placed after the patient is
intubated. The operative team must have a group approach to
ensure that the pack is removed at the end of surgery. Careful
vigilance to eye care is important as the eyes are often in the
surgical field. Likewise, care should be taken to avoid placing
too much pressure on a repaired nose with a face mask during
airway management.

Choanal atresia (present in 1:7000 births) can occur inci-
dentally or associated with other syndromes, such as CHARGE
syndrome or association (coloboma of the eye, heart anomaly,
choanal atresia, retardation, and genital and ear anomalies, and
often including facial palsy, cleft palate, and dysphagia). Bilat-
eral choanal atresia produces respiratory distress immediately
after birth and requires respiratory support because infants are
obligate nose breathers. Partial or unilateral atresia can some-
times be picked up from a history of cyanosis or respiratory dis-
tress when feeding.

Patients with nasal polyps or with chronic sinusitis will
present for functional endoscopic sinus surgeries (FESS) to
debride and clear soft tissue and bone and to open up the
sinus cavities. Patients with cystic fibrosis are a large percent-
age of FESS patients, and, hence, associated perioperative con-
cerns with this disease entity must be considered. To ensure
adequate visualization for the surgeon, careful management of
blood pressure with the use of controlled hypotension may be
beneficial.

Topical vasoconstrictors (oxymetazoline, epinephrine,
phenylephrine, and cocaine) are frequently used during nasal
procedures, and the anesthesiologist must be aware of the
potential for systemic absorption with cardiovascular side
effects. The total dose should be appropriate for weight;
phenylephrine should not exceed 20 µg/kg for 25 kg or less or
0.5 mg total for 25 kg and over. The use of pure �-blockade to
treat elevated blood pressure from phenylephrine has caused
cardiovascular collapse.

Neck surgery
Excision of thyroglossal duct or brachial cleft cysts, neck
mass biopsy or excision, or removal of hemangiomas or other

vascular malformations typically require general anesthesia
with an OETT. Preoperative imaging is often available to view
to ascertain if there is any airway compromise from the lesion.
An array of ETT sizes is useful to have at hand in the event
that the airway anatomy is not as anticipated. Also, if exter-
nal hemangiomas exist, one should have a high suspicion that
they may also exist within the airway. Airway hemangiomas or
other vascular malformations can create blood in the airway on
instrumentation. Induction and maintenance of anesthesia can
bewith IV or inhalational agents. Intra- and postoperative anal-
gesia requirements are usuallymild tominimal butmay depend
on the extent of the lesion excised. In the absence of patient
comorbidities, these procedures can typically be day surgery in
the absence of unusual findings or intraoperative airway events.

Pediatric anesthesia in remote locations
There is an increasing demand for anesthesiologists to provide
anesthesia and sedation to children for therapeutic and diag-
nostic procedures that adults might tolerate withminimal or no
sedation. Typically these locations are far removed from the OR
in both physical location as well as type of environment. Provi-
sion of anesthesia or sedation in remote locations requires care-
ful planning and coordination, as well as appropriately trained
staff. The ASA has standards that should be met for non-OR
anesthesia locations.

Institutions vary on specifics of who may provide pedi-
atric sedation, but all should comply with guidelines from
the American Academy of Pediatrics and the ASA as well as
with individual institutional guidelines. In general, these guide-
lines speak to the need for an individual not involved in the
procedure to monitor the patient, appropriate training and
credentialing, appropriately sized equipment, and appropriate
patient evaluation, monitoring, and discharge criteria. Clear
consensual definitions of different levels of sedation within the
institution are imperative for the safe care of patients. Under-
standing of the pharmacology and ability to “rescue” from a
deeper-than-intended level of sedation are also hallmarks of
the safety guidelines. Goals of sedation include minimizing
physical discomfort and pain; controlling anxiety, minimizing
psychological trauma, and providing amnesia; controlling
behavior and/or movement to allow safe completion of the pro-
cedure; guarding the patient’s safety andwelfare throughout the
procedure; and returning the patient to a state allowing safe
discharge as determined by recognized criteria. Potential “red
flags” for sedation by non-anesthesia providers include apnea,
unstable cardiac disease, respiratory compromise (including
recent URI), active gastroesophageal reflux or vomiting, hypo-
tonia, tremor, allergy to barbiturates, and prior failed sedation.
Medications used in pediatric sedation are listed in Table 129.3.

The choice of anesthetic technique for maintenance of gen-
eral anesthesia during procedures in remote locations depends
on patient, equipment, and procedural factors. Frequently,
anesthesia can safely consist of spontaneous ventilation using
a propofol infusion with nasal cannula oxygen and carbon
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Table 129.3. Commonly used sedative medications

Drug Usual dosing

Chloral hydrate PO/PR: 25–50 mg/kg
Fentanyl IV: 0.5 µg/kg
Midazolam PO: 0.25–0.5 mg/kg

IV: 0.025–0.05 mg/kg
Pentobarbital IM/PO: 2–6 mg/kg

IV: 2 mg/kg
Ketamine IM: 3–7 mg/kg IV: 0.5–2 mg/kg

IM, intramuscular.

dioxide (CO2) detection. For procedures that are long, involve
pain, or affect the airway, or for patients with airway concerns,
increased risk of aspiration, or cardiopulmonary or neuromus-
cular comorbidities, alternative strategies must be employed.
Other considerations during the procedures include airway
access, patient positioning, ability of the anesthesiologist to be
in the room during the procedure, drugs or contrast agents
used during the procedure, risks for life-threatening blood loss,
and possible postoperative implications from the procedure.
Adequate IV access, appropriately secured airways, availability
of resuscitation medications and blood products, and possibly
invasive pressure monitoring, urinary catheters, and tempera-
ture maintenance equipment should be used when appropriate.
Anaphylactic reactions are rare for PO or IV agents but should
bewatched for and appropriately treatedwhen contrast or other
exogenous agents are used.

Postoperative management requires recovery staff experi-
enced in the care of children and also familiar with issues that
may arise after particular procedures. Small recovery locations
within the radiology suite may be useful, but using the OR
postanesthesia care unit (PACU)may be appropriate after hours
or for complicated patients.

Anesthesia related to specific off-site locations
Computerized tomography
For these short, painless procedures it is not uncommon for
PO as well as IV contrast to be given. The oral contrast is typ-
ically a clear iodine-containing solution that is diluted to an
iso-osmolar liquid and given in a relatively large volume. Most
anesthesiologists prefer waiting 2 hours before sedating or anes-
thetizing patients who have received oral contrast; in general,
the quality of the scans is not adversely affected by this wait.
CT scans that require only the briefest of immobility and no
contrast may be done with mask sevoflurane and spontaneous
ventilation.

Magnetic resonance imaging
MRI scans typically last 30 to 90minutes and frequently involve
IV contrast, such as gadolinium. Side effects of MRI con-
trast are relatively rare and mild but include nausea, vomit-
ing, hives, or irritation at the injection site. Recent literature

suggests that renal complications may occur with preexisting
renal insufficiency, so patients should be screened clinically
(and by laboratory evaluation if indicated) prior to gadolin-
ium administration. Airway access ismore limited than in other
procedures especially in patients getting brain or spine imaging.
Care should be taken to ensure that the airway device of choice
is not kinked or dislodged after the coils are positioned.

Also of note are routinemagnet safety issues and contraindi-
cations. Equipment incompatibilities can lead to patient burns
or injury, magnet interference, and malfunction of implantable
devices, such as pacemakers. Induction of general anesthesia
and resuscitation of patients in the MRI suite can pose unique
equipment-limiting problems. All equipment must be checked
for compatibility. If at any time a patient needs to be resusci-
tated, he or she should be removed from the MRI room and
the resuscitation should ensue in an area without magnet safety
concerns.

Interventional radiology
Typical cases in the interventional radiology (IR) suite include
angiography, image-guided biopsies and drain placements,
placement of peripherally inserted central catheter (PICC) lines
or indwelling central lines, and sclerotherapy or embolization
of vascular or lymphatic malformations. Anesthetic manage-
ment is tailored for variable lengths of procedures that often
require controlled ventilation to facilitate breath holding for
cineangiography or manipulation of CO2 levels to control the
amount of cerebral vasodilation. Maintaining temperature for
a pediatric patient in the IR suite can be challenging because
the IR suite must be maintained at a low ambient temperature
to ensure proper function of the imaging equipment. Forced air
warmers, fluidwarmers, andwarmblankets should be available.

Gastrointestinal endoscopy
Gastroenterology suites are designed to do esophagogastroduo-
denoscopies (EGDs) and colonoscopies in an efficient man-
ner. As with any remote location, careful patient selection is
paramount. Routine EGDs can be done with the patient in
a lateral position, O2 via nasal cannula, and routine moni-
toring including CO2 detection. In straightforward patients,
maintenance anesthesia may be by an IV technique using
propofol with or without an opioid (fentanyl or remifentanil).
Airway vigilance is crucial as complications of apnea, respira-
tory distress, and airway obstruction can occur during or after
the EGD. Patients at high risk for aspiration, small patients,
or those needing a larger endoscope may need intubation for
upper endoscopy.

Radiation therapy
Daily treatments for several days at a time can create much
patient anxiety and family stress. Planning should be done
with the family to ensure that the NPO times are not exces-
sive to ensure that patients maintain their nutrition during
treatments. These treatments, although usually short, require
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complete immobility of the patient. To avoid staff exposure to
radiation, the patient is monitored from a separate room via
video cameras and remote monitors.The airway is typically not
instrumented to minimize tracheal damage, and frequently a
body mold or head mask, even for prone patients, is used to
ensure consistent patient positioning for treatments. Oxygen
delivery and CO2 detection are accomplished by nasal cannula
or by taping the mask and sampling line to the outside of the
head mask.

Postanesthetic considerations
for the pediatric patient
Skilled PACU nurses appropriately treating pain and nausea,
and orienting patients with a parent, can ensure an uncompli-
cated recovery. PONV is frequent in middle ear surgeries or in
cases in which blood collects in the stomach. Emergence delir-
ium can complicate the recovery phase in young children. The
etiology of this phenomenon is not clearly understood, but it
occurs most frequently in patients from 2 to 5 years old and,
more frequently, with volatile anesthetics. Comfort measures
and adequate analgesia may be adequate in some patients, but
in others resedation may at times be required. An anesthesiol-
ogist available to the PACU is important for appropriate res-
piratory vigilance and potential airway management. For more
involved procedures or for patientswith comorbidities, facilities
should have the appropriate resources to care for the postoper-
ative needs of these children (e.g., intensive care unit capability
for patients with difficult airways or OSA).

Pediatric postoperative nausea and vomiting
PONV is seen commonly in pediatric patients. Despite the
fact that PONV may be associated with significant compli-
cations, including wound dehiscence, pulmonary aspiration
of gastric contents, bleeding, dehydration, and electrolyte dis-
turbances, many reports and reviews in the literature suggest
that PONV may be undertreated. Even mild PONV may lead
to delayed hospital discharge, decreased parental satisfaction,
and increased use of resources (physician and nursing care,
administration of IV fluids and medications). PONV remains a
major cause of unanticipated admission to the hospital after day
surgery; consequently, prevention and management are seen as
increasingly important (see Table 129.4).

Pediatric patients have a higher incidence of PONV than
adults do, with a peak incidence of 30% to 50% in school-age
children. The lowest incidence occurs in infants (5%), whereas
preschool-age children have an intermediate incidence (20%).
For prepubertal children, female sex is not consistently asso-
ciated with an increased risk for PONV, although, in teenage
patients, studies show that girls vomit significantly more often
than boys do after general anesthesia. Children undergoing ade-
notonsillectomy, strabismus repair, orchidopexy, herniorrha-
phy,middle ear surgery, dental procedures, or laparotomy are at

Table 129.4. Strategies to reduce baseline PONV risk

Perioperative
period Strategy Evidence

Preoperative Premedication (clonidine or midazolam) Weak
Intraoperative Avoidance of general anesthesia

through use of regional anesthesia
Strong

Use of propofol for induction and
maintenance of anesthesia

Strong

Avoidance of nitrous oxide Strong
Avoidance of volatile anesthetics Strong
Minimization of opioids Weak
Minimization of neostigmine Weak
Adequate hydration Strong

Postoperative Minimization of opioids Strong
Minimization of movement Weak
Timing of oral intake Weak
Adequate hydration Strong

increased risk of PONV.The risk of PONV increases with dura-
tion of surgery and anesthesia. Pain has been shown to increase
PONV, but opioid therapy is also a risk factor. Practitioners have
long maintained that gastric distention, early movement, early
drinking, and dehydration all contribute to a higher incidence
of PONV.

Recently, Eberhart and colleagues published a study of a
large series of pediatric patients in which a multivariable anal-
ysis was applied to identify PONV risk factors in children. This
study identified four independent predictors of PONV: dura-
tion of surgery of at least 30minutes, age of at least 3 years, stra-
bismus surgery, and a positive history for PONV in the patient,
sibling, or parent. Depending on the presence or absence of
these factors, Eberhart and colleagues demonstrated that the
risk for PONV was 9%, 10%, 30%, 55%, and 70% for 0, 1, 2,
3, or 4 or the independent predictors, respectively. Kranke and
colleagues later validated this score, demonstrating comparable
predictive value to the results in adult patients.

Benzodiazepines, particularlymidazolam, have been shown
to reduce PONV in children after strabismus repair and ade-
notonsillectomy. Clonidine has also been noted to have an
antiemetic effect when given as a premedication during strabis-
mus surgery. Not surprisingly, opioid analgesics used for pre-
operative and preprocedural sedation lead to increased PONV.
Etomidate and ketamine are both associated with increased
PONV, and several barbiturates, including methohexital and
thiopental, have been shown to be more emetogenic than
propofol. A large systematic review of propofol, involving sev-
eral thousand pediatric patients, suggested that the best results
may be achieved by using propofol for both induction and
maintenance of anesthesia. Omission of nitrous oxide seems to
lower the incidence of vomiting for some types of surgery, with
less effect for other types of surgery.This practice has little effect,
however, on the incidence of late PONV. Possible explanations
for the greater emetogenic effect of nitrous oxide include dif-
fusion of the gas into the middle ear or bowel, which through
distention of these confined structures (vestibular apparatus
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Table 129.5. Properties of antiemetic drugs

Class Drug
Receptor
antagonism

Dose,
mg/kg

Antiemetic
efficacy

Relative
cost

Timing of
administration

Corticosteroids Dexamethasone ? 0.1–0.25
√ √ √ √

$$ At induction

Anti-serotonins Dolasetron
Granisetron
Ondansetron
Tropisetron

5-HT3
5-HT3
5-HT3
5-HT3

0.035
0.04
0.05–0.1
0.1

√ √ √ √
√ √ √ √
√ √ √ √
√ √ √ √

$$$$
$$$$$
$$$$
$$$$

Timing not important
End of surgery
End of surgery
End of surgery

Antihistamines Dimenhydrinate
Diphenhydramine
Hydroxyzine

Histamine
Histamine
Histamine

0.5
1.0–1.25
1.0

√ √ √ √
√ √
√ √ √

$
$
$

End of surgery
End of surgery
End of surgery

Butyrophenones Droperidol Dopamine 0.025–0.075
√ √ √ √

$$ End of surgery

Phenothiazines Prochlorperazine
Promethazine
Perphenazine

Dopamine
Dopamine
Dopamine

0.125
0.25–0.5
0.025–0.07

√ √ √
√ √ √
√ √ √

$
$
$

End of surgery
At induction
End of surgery

Anticholinergics Scopolamine Muscarinic
acetylcholine

0.006
√ √

$$$ Prior evening or
4 h before

Benzamides Metoclopramide Dopamine 0.1–0.25
√

$$ End of surgery

and loops of bowel) might lead to activation of the medullary
dopaminergic system and increased endogenous cerebrospinal
opioid receptor agonists. Potent volatile anesthetic agents are
all associated with a higher risk of nausea with few differences
among the modern agents.

The cost effectiveness of therapy is one of the primary con-
siderations governing whether or not to use PONV prophy-
laxis (see Table 129.5). In general, pharmacologic prophylaxis
against PONV with older, less expensive antiemetics is cost-
effective when the risk of emesis is as low as 10%, whereas
prophylaxis with the more expensive agents may not be cost-
effective until the risk of emesis is as high as 30% to 60%. A
suggested hierarchical approach to managing PONV based on
a child’s calculated risk is to give no prophylaxis for low-risk
patients, a selective serotonin 5-hydroxytryptamine type 3 (5-
HT3) antagonist for medium risk, and combination therapy (a
serotonin antagonist and dexamethasone or a serotonin antago-
nist and a butyrophenone) or multimodal therapy (antiemetics
from additional classes, use of strategies to minimize baseline
risk for PONV, and nonpharmacologic prophylaxis) for high-
risk patients.

The 5-HT3 receptor antagonists (ondansetron, dolasetron,
granisetron, and tropisetron) are most effective in the prophy-
laxis of PONV when given at the end of surgery. The 5-HT3
antagonists for the most part have a favorable side-effect pro-
file, although this class of drugs can prolong the QT interval. By
a mechanism yet to be elucidated, the glucocorticoid dexam-
ethasone effectively prevents nausea and vomiting. Droperidol,
a neuroleptic antagonist of central dopamine receptors and a
butyrophenone, is an effective drug for the prevention of PONV.
One meta-analysis evaluating prophylaxis for children under-
going strabismus repair revealed that droperidol had the great-
est antiemetic benefit with a number needed to treat (NNT)

of 4. Although sedation, lethargy, agitation, and extrapyrami-
dal effects have been reported with the commonly used pedi-
atric doses, the most serious adverse effects are estimated to
occur in less than 1% of all children. The 2001 US Food and
Drug Administration (FDA) black box warning regarding pos-
sible QT prolongation leading to torsades de pointes has lim-
ited the use of droperidol. Some initial adult studies have shown
the efficacy of haloperidol, another butyrophenone, but without
large enough numbers to suggest that it is safer from a cardio-
vascular standpoint. Antihistamines, such as dimenhydrinate,
have shown moderate efficacy in some studies but not in oth-
ers; they can also have profound sedative effects, but are inex-
pensive and therefore have a relatively favorable cost/efficacy
ratio. Central nervous system antimuscarinics effectively pre-
vent emesis related to vestibular stimulation, one of the pro-
posedmechanisms for morphine-induced PONV. Transdermal
scopolamine has been found useful for the control of nausea in
the setting of morphine PCA in older children but is not rec-
ommended in children � 40 kilograms in weight. Drugs with
a lack of evidence of effect include metoclopramide in stan-
dard clinical doses, ginger root, and cannabinoids. Examples
of agents with possible efficacy but too little evidence include
the phenothiazines (promethazine and prochlorperazine) and
ephedrine. A new class of antiemetic drugs, the neurokinin-1
(NK1) receptor antagonists, has been shown to provide pro-
tection against multiple different emetogenic stimuli (motion,
chemotherapy, radiation therapy, narcotics, other emetogenic
drugs and treatments), whereas other conventional antiemetic
drugs are typically effective against only a few of these stimuli.
In addition, preliminary evidence shows promising results with
opioid antagonists (naloxone, nalmefene) for reduction of nau-
sea, vomiting, and a need for rescue antiemetic medication in
children and adolescents.
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In adults, a meta-analysis of nonpharmacologic PONV pro-
phylaxis demonstrated antiemetic efficacy with acupuncture,
transcutaneous electrical nerve stimulation, acupoint stimula-
tion, and acupressure. Pressure, puncture, or stimulation of the
P6 or Neiguan point located on the anterior surface of the wrist
approximately three finger breadths above the distal skin crease
of the wrist and between the tendons of the flexor carpi radi-
alis and palmaris longus muscles reduced the incidence of nau-
sea and vomiting and need for rescue medication in adults. In
children, acupuncture after induction of anesthesia was inef-
fective in reducing PONV after strabismus repair, although the
antiemetic efficacy of this technique may in fact depend on
the timing and duration of therapy. Further studies in children
are needed to confirm the beneficial antiemetic effect that these
nonpharmacologic techniques are reported to have in random-
ized controlled trials for adults.
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Chapter

130 Neonatal surgical emergencies
Noah E. Gordon and Mary Ellen McCann

Introduction
The impact of congenital malformations in pediatrics is sig-
nificant. Three percent of newborns are born with congenital
malformations, and 20% of neonatal mortality is secondary to
congenital malformations. The care of a neonate with a major
congenital malformation is resource-intensive. In one study,
newborns with congenital malformations accounted for one-
fourth of all neonatal intensive care unit (NICU) referrals, one-
third of totalNICUdays, andnearly half ofNICUcosts. Surgical
interventions and their accompanying sequelae are major
contributors to the costs, morbidity, and mortality of these
neonates. The disease processes, anesthesia, and surgery all can
interfere with developmental changes and threaten survival.

General approach to the neonate
Preanesthetic considerations
Neonates requiring urgent or emergent surgical intervention
are approached in the standard fashion, with steps taken to gain
an understanding of the patient’s physiology, the disease pro-
cess, and implications of the surgical plan. A detailed history
and physical examination are essential. Of particular interest
in the history are the mother’s pregnancy, the course of labor
and delivery, and events over the first hours to days of life.
Depending on the results of the history and physical, it may be
important to do laboratory and radiologic assessments as well.
(See Table 130.1.)

Transitional circulation
Many newborns requiring urgent or emergent surgical proce-
dures arrive in the operating room (OR) with a transitional cir-
culation – so-called because it has aspects of both the adult
series circulation and fetal parallel circulation owing to the
presence of a patent ductus arteriosus (PDA), as well as pos-
sible interatrial and/or interventricular communications.There
is the potential for these nonrestrictive shunts to lead to large
right-to-left or left-to-right shunts, depending on the balance
between the pulmonary and systemic vascular resistances (PVR
and SVR, respectively). With left-to-right shunting, overcircu-
lation of the pulmonary vascular bed can lead to pulmonary
edema, a low-cardiac-output state (with impaired flow to the

cerebral, coronary, renal, and splanchnic beds), and, eventually,
pulmonary vascular occlusive disease. With right-to-left shunt-
ing, bypassing the pulmonary bed leads to impaired oxygena-
tion and ventilation with ensuing cyanosis.

Apnea
Unlike older infants, premature and term neonates paradox-
ically decrease their respiratory rates in response to hypoxia
(a response that is further exacerbated by hypothermia) and
exhibit little, if any, increased minute ventilation in response to
increasing arterial carbon dioxide levels. Risk factors for true
apnea in the postoperative period include a postconceptual age
of 60 weeks or less and anemia in ex-premature neonates. Caf-
feine is a centrally acting respiratory stimulant that, in doses
of 10 mg/kg (20 mg/kg caffeine citrate), can prevent or reduce
apnea in this population.

Hypoglycemia
Glycogen stores are small in premature infants and neonates;
therefore, newborns are at a high risk for hypoglycemia when

Table 130.1. Perinatal conditions and their associated potential
perioperative problems

Condition Perioperative problems

Asphyxia Hypoglycemia, hypocalcemia, hyperkalemia,
impaired cerebral autoregulation,
depressed myocardial function, decreased
gut perfusion, shock, coagulopathy

Infants of diabetic mothers Hypoglycemia, hypocalcemia
Maternal IV drug use Opioid withdrawal, infectious agents

(hepatitis B/C, human immunodeficiency
virus), seizures

Prematurity Hypoglycemia, respiratory distress syndrome,
postoperative apnea, ROP, temperature
instability

Small for gestational age Hypoglycemia, hypocalcemia,
polycythemia/hyperbilirubinemia,
temperature instability, congenital
anomalies, increased incidence of
pulmonary aspiration/pneumonia

Large for gestational age Birth injury (brachial/phrenic nerve, fractured
clavicle), hypoglycemia, hypocalcemia,
polycythemia/hyperbilirubinemia,
meconium aspiration
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Table 130.2. Glucose and electrolyte requirements in the premature
and term newborn

Nutrient/
Electrolyte Requirement Comment

Glucose 2–4 mg/kg/min Most newborns
8–10 mg/kg/min SGA/LGA infants
>15 mg/kg/min Infants of diabetic mothers

Sodium None For first 24h for most newborns
2–4 mEq/d Day 2 and beyond
>4 mEq/d GI, renal, skin losses
Variable Drug and metabolic effects

Potassium None First 24–48 h for most newborns
1–3 mEq/d Day 2–3 and beyond, ensure normal

urine output
<1 mEq/d Requirements lower in VLBW and

ELBW infants
>3 mEq/d GI, renal, iatrogenic losses – replace

cautiously
Calcium 200–400 mg/kg/d Calcium gluconate dosing (calcium

chloride contains three times as
much elemental calcium)

Variable Premature, SGA/LGA infants

LGA, large for gestational age; SGA, small for gestational age; VLBW, very low
birth weight; ELBW, extremely low birth weight.

exogenous glucose is not administered.The threshold for defin-
ing hypoglycemia in the neonate is controversial but the Ameri-
can Academy of Pediatrics suggests an operational definition of
�36 mg/dl in an asymptomatic neonate with the goal of main-
taining the plasma glucose level of 45 mg/dl or greater. There
are no recent data to support a lower threshold for premature
infants.

In the newborn, hypoglycemia has profound consequences,
including apnea, hypotension, bradycardia, seizures, and neu-
rologic injury. If a bolus of glucose is needed, dextrose 10%
in water (D10W) at 1 to 2 ml/kg should be administered, fol-
lowed by careful monitoring of serum glucose. Whereas term
neonates need glucose at 5 to 8 mg/kg/min to prevent hypo-
glycemia, premature and small-for-gestational-age newborns
generally require an infusion rate of 8 to 10 mg/kg/min. Intra-
operative infusion of D10 at maintenance rates will deliver glu-
cose at approximately 7 mg/kg/min and should be adequate
to avoid hypoglycemia. Fluids for replacement of insensible,
deficit, and blood losses should not contain glucose, to avoid
hyperglycemia. (See Table 130.2.)

Retinopathy of prematurity
Retinopathy of prematurity (ROP) is a progressive vascular
overgrowth of the retinal vessels eventually leading to intraoc-
ular hemorrhage, retinal detachment, and blindness. Seen pri-
marily in premature newborns exposed to a high fraction of
inspired oxygen content (FiO2), ROP has also been described
in term babies on room air or in infants with cyanotic congen-
ital heart disease. Despite the fact that prematurity and oxygen
exposure are just two ofmany (mostly unknown) risk factors for
ROP, it is recommended that the inspired oxygen concentration

be minimized for babies less than 44 weeks postconceptual age
to achieve a target oxygen saturation in the low to mid-90s.

Temperature management
Neonates lose heat rapidly because of a reduced amount of sub-
cutaneous fat and a large surface area. With limited ability to
maintain their body temperatures through shivering or even
nonshivering thermogenesis, the newborn is at risk for signifi-
cant temperature fluctuations in the perioperative period –with
transport, exposure during placement of intravascular lines and
invasive monitoring, and heat losses during surgery. Measures
must be taken to protect against heat loss. During transport
to the OR, the neonate should remain covered with care taken
to continue adequate monitoring and access in a heated iso-
lette.TheOR should be warmed to greater than 27◦C. A radiant
heat warmer is useful during line placement and preparation.
Forced-air warming blankets are now available that go under
the entire infant and include plastic drapes to cover nonin-
volved areas. Other intraoperative strategies include heating
and humidifying inspired gases, warming intravenous (IV) flu-
ids and blood products, and warming the surgical prep and
irrigation solutions.

Monitoring
Two pulse oximeter probes should be available – one preduc-
tal (right hand) and one postductal (either foot) – to measure
and compare the magnitude and direction of possible shunting
across a PDA. Capnography may be unreliable owing to a large
dead space in the breathing system, which can be reduced with
specialized endotracheal tubes and low-volume connections. A
precordial or esophageal stethoscope will permit detection of
changes in heart rate or intensity of heart sounds, which may
serve as useful indicators of cardiac function, intravascular vol-
ume status, and depth of anesthesia. A urinary catheter is of
assistance for fluid balance in long cases. Neuromuscular mon-
itoring is often challenging in small, premature newborns.

Invasive monitoring, principally an intra-arterial catheter,
should be placed for cases with anticipated sudden or dramatic
changes in hemodynamics, acid–base status, or oxygenation
and ventilation to allow beat-to-beat monitoring of blood pres-
sure and repeated sampling of hemoglobin and platelet counts,
coagulation status, electrolytes, and arterial blood gases. Cen-
tral venous catheters are infrequently used, and pulmonary
artery catheters are rarely used in neonates for hemodynamic
monitoring; however, the anesthesiologist can gain valuable
information from the arterial line tracing. In hypovolemia, the
arterial waveform is narrow, suggesting low stroke volume from
inadequate preload, and there is marked respiratory variation
in the tracing, suggesting collapse of great veins and changes
in preload during the respiratory cycle. The dicrotic notch is
present in the middle third of the downstroke in euvolemia,
but in the outer third (or absent) in hypovolemia. A sluggish
increase and decreased slope of ascent of the arterial waveform
suggests diminished left ventricular function or the presence of
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aortic valve disease. Low amplitude and a rapid rate of increase
of ascent suggests low SVR.

Fluid requirements
Intraoperative fluid therapy has four main components: main-
tenance fluid, replacement of fluid deficit, replacement of blood
loss, and replacement of insensible and other losses. Mainte-
nance fluid covers the normal insensible water loss from the res-
piratory epithelium and evaporative losses from the skin. Based
on estimations of the interaction between metabolic rate and
fluid requirements, this maintenance fluid can be calculated as:
4 ml/kg for the first 10 kg, 2 ml/kg for the next 10 kg, and
1 ml/kg for each additional kg over 20 kg. Fluid deficits are
simply calculated bymultiplying the hourlymaintenance deficit
by the number of hours since the last fluid intake, and can be
replaced in most cases over 3 hours: 50% of the fluid deficit is
given in the first hour, 25% in the second hour, and the final
25% in the third hour in the OR. Greater insensible losses above
maintenance can take place from surgical trauma resulting in
translocation of extracellular fluid from the intravascular space
into the interstitial space, producing edema in the bowel wall
and mesentery or in the subcutaneous tissues and muscle. Ini-
tial guidelines for replacement of these “third-space” losses are
as follows: 2 to 5 ml/kg/h for peripheral or superficial surg-
eries, 5 to 10 ml/kg/h for open abdominal or thoracic surgery,
and greater than 10 ml/kg/h for extensive abdominal surgery,
titrated to heart rate and perfusion. As in older children and
adults, hemorrhage can be acutely replaced with 3ml of crystal-
loid per 1 ml of estimated blood loss to re-expand the intravas-
cular blood volume. If colloids, such as albumin, are preferred,
this can be accomplished using a 1:1 volume ratio.

Management of surgical urgencies
and emergencies
Gastroschisis and omphalocele
Gastroschisis and omphalocele are defects of the abdominal
wall at or near the umbilicus. Gastroschisis is a defect of the
abdominal wall that occurs to the right of the umbilicus and
lacks a peritoneal covering (see Fig. 130.1). It is hypothesized
that this defect results from a weakening of the abdominal
wall as the right umbilical vein regresses during development.
Gastroschisis is typically not associated with major congenital
anomalies or syndromes, although as many as 10% of affected
infants will suffer intestinal atresia secondary to vascular com-
promise of the affected segment arising from a constricting
fascial defect. In contrast, omphalocele (Fig. 130.2) is consid-
ered to be a more serious abdominal wall defect, given that
associated anomalies are common (trisomies 18 and 21, other
midline defects including bladder exstrophy, and congenital
heart disease). Pathophysiologically, omphalocele is a hernia-
tion of abdominal viscera through the base of the umbilical
cord and possesses a covering of peritoneum. Like gastroschi-

Figure 130.1. Gastroschisis Courtesy of Roberta E. Sonnino, M.D.

sis, the intestines fail to rotate normally prior to returning to the
abdominal cavity during development.

Newborns presenting for repair of abdominal wall defects
require urgent surgery, as the large exposed surface area allows
for substantial evaporative fluid and heat losses and presents a
significant infection risk. For patients with omphalocele, there
is a 20% incidence of cardiac anomalies, and there should be a
low threshold for an echocardiogram, particularly if a murmur
is noted. In addition, omphalocele may be seen in Beckwith–
Wiedemann syndrome, with associated hypoglycemia, which
requires frequent glucose monitoring during the perioper-
ative period and macroglossia, which can make intubation
challenging.

If not already intubated, these babies should be treated as
having full stomachs, and gastric decompression should be
undertaken prior to induction and intubation. Given the pos-
sible depleted intravascular volume status, care should be exer-
cised by using an induction agent that would further reduce
preload (propofol, thiopental) or contractility in patients with

Figure 130.2. Omphalocele Courtesy of Roberta E. Sonnino, M.D.
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congenital heart disease (where etomidate would be the better
choice). If blood cultures are negative, an epidural catheter can
be inserted andused intraoperatively in conjunctionwith a light
general anesthetic or for postoperative analgesia, threaded via
either the lumbar or caudal route. If an epidural is not placed,
an opioid-based techniquewith some vapormay bemost hemo-
dynamically stable (these patients will remain intubated). Good
IV access should be established for the large anticipated third-
space fluid losses (use crystalloid and/or colloids such as 5%
albumin) and possible bleeding.

In general, surgical planningwill involve either reducing the
defect through staged procedures or undertaking primary clo-
sure if possible. If there is insufficient space in the abdomen,
reduction may cause bowel ischemia and deleterious respi-
ratory mechanics from increased intra-abdominal pressure
leading to difficulties with oxygenation and ventilation. The
anesthesia team will need to effectively communicate any
observed decreases in pulmonary compliance (increased
peak inspiratory pressures [PIPs], decreased tidal volumes,
decreased minute ventilation) or increases in central venous
pressure (if a central line is present) with surgical manipulation,
placement of packing and retractors, or attempted abdominal
closure. A primary repair is typically aborted if bladder pres-
sures are transduced at greater than 20 mm Hg or if PIPs are
noted at 35 mm Hg. Clinical changes suggestive of decreased
peripheral perfusion or impaired venous return may also
indicate inability to successfully reduce these defects during
the initial procedure. In the case of staged closure, a prosthetic
material is applied to the edges of the defect, creating a tubular
silo. After gradually being reduced in theNICU over a period of
several days, the abdomen is finally closed primarily. Intestinal
function typically returns within a week for omphalocele and
within a couple of weeks to a month for gastroschisis. Given the
obvious nutritional concerns with this delayed bowel function
in a catabolic newborn, a central line is often placed during the
initial operation for parenteral nutrition.

Congenital diaphragmatic hernia
Congenital diaphragmatic hernia (CDH) is a posterolateral
defect of the diaphragm that occurs in 1:4000 live births. A
Bochdalek hernia results from a failure of the normal closure
of the pleuroperitoneal canal during the eighth week of gesta-
tion, leading to a communication between the abdominal and
thoracic cavities. Consequently, the intestine migrates into the
chest as it returns from the umbilical cord. (See Fig. 130.3.)
Resultant compression of the developing lung leads to a small
and abnormally developed lung or lungs. Because the bowel is
in an abnormal location, malrotation may occur (as mentioned
earlier in the case of abdominal wall defects). Whereas more
than 90% of hernias are on the left side, only 5% are on the
right, which typically contain only a portion of the liver and a
small amount of intestine. The earlier in gestation the hernia
occurs, the greater the degree of ensuing pulmonary hypopla-

Figure 130.3. Congenital diaphragmatic hernia.

sia on both sides – with mediastinal shift, the development of
the contralateral lung is restricted as well. As the hypoplastic
lung contains fewer alveolar and capillary units; the pulmonary
vasculature is also abnormal. Both undeveloped and composed
of abnormally increased smooth muscle, the pulmonary circu-
lationmay be highly reactive to factors affecting PVR (see Table
130.3). One-quarter of afflicted babies have associated congen-
ital diseases.

Now that immediate surgical repair is no longer routine,
these patients are stabilized in the NICU (sometimes requiring
extracorporeal membrane oxygenation [ECMO] if oxygenation
and ventilation are significantly impaired), where additional
cardiac and pulmonary evaluation and optimization can be
performed preoperatively. For initial intubation, the stomach

Table 130.3. Factors affecting PVR and SVR in the premature and term
newborn

PVR SVR

Increase Decrease Increase Decrease
↑ Hematocrit ↓ Hematocrit ↑ Hematocrit ↓ Hematocrit
↑ PaCO2 ↓ PaCO2 Vasopressin Nitrates
α-agonists Vasopressin α-agonists PDE-inhibitors
↓ FiO2/PaO2 ↑ FiO2/PaO2 ↓ Temperature ↑ Temperature
High PIPs, PEEP Nitrates Ca2+ β-agonists
↓ pH PDE-inhibitors
↓ Temperature Ventilation at FRC
Ca2+ ↑ pH

β-agonists

PDE, phosphodiesterase; FRC, functional residual capacity; PEEP, positive
end-expiratory pressure.
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should be decompressed and mask ventilation avoided. The
approach to ventilatory management of the infant with CDH
has changed over the last decade, with the recognition that
barotrauma probably caused the most significant morbidity
and mortality. Thus management has evolved from maintain-
ing adequate oxygenation and normocarbia at all costs to per-
missive hypercapnia and early use of therapies to minimize
mean airway pressure. Whereas small defects may be closed
primarily, larger defects may require use of a thin patch of
synthetic material. During transport and in the OR, inotropes
and pressors (dopamine and epinephrine) should be available
for boluses and infusions, while avoiding overaggressive vol-
ume administration. Good IV access and an arterial line should
be available for surgery and are frequently in place from ICU
care. Assuming normal coagulation (check coagulation if the
liver is up in a right-sided CDH), an epidural catheter can
be threaded via the caudal or lumbar region and used for
both intraoperative and postoperative analgesia. If no epidu-
ral is planned, an opioid-based technique can be used for sym-
pathetic suppression to control potentially deleterious surges
in PVR.

In the OR, it should be remembered that overaggressive
ventilation can lead to pneumothorax (usually of the overdis-
tended “good lung” opposite the herniation), manifesting as
sudden respiratory embarrassment or cardiovascular collapse.
This diagnosis should always be at the top of the differential.

Ventilation should bemanaged bymimicking the ventilator set-
tings that were successful preoperatively (if applicable), and it
should be realized that pressures and tidal volumes will change
as the compliance changes when the intestines are returned to
the abdominal cavity. Muscle relaxation should be continued
to optimize chest wall compliance and pulmonary mechanics.
After the abdominal contents are reduced, the lungs should be
expanded with manual ventilation (limiting PIPs to 35 mm Hg
to avoid the potential for barotrauma, volutrauma, and/or pos-
sible pneumothorax). As always, good communication in the
OR is essential: Alert the surgeons if abdominal closure leads to
worsening PIPs, oxygenation, or ventilation. All but the most
minimal of these defects will require postoperative ventilation
and ongoing management of PVR.

Tracheoesophageal fistula and esophageal atresia
Esophageal atresia (EA) encompasses a spectrum of anoma-
lies that occur early in gestation (22–36 days), as the trachea
buds from the primitive foregut. Failure of the normal develop-
ment of the esophagus and separation of the trachea from the
esophagus result in one of five possible outcomes: EA with dis-
tal tracheoesophageal fistula (TEF; 85%), isolated EA (8%), TEF
without EA (5%, also referred to as “H-type”), EAwith proximal
TEF (1%), or EA with proximal and distal TEF (1%). (See Fig.
130.4.) Because other developing organs are vulnerable to the

Figure 130.4. Tracheoesophageal fistula types.
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same insult, associated anomalies are common (50% or more),
particularly vertebral, anal atresia and other GI abnormalities,
cardiac (ventricular septal defect [VSD], PDA, tetralogy of Fal-
lot, atrial septal defect [ASD], coarctation of the aorta), renal
abnormalities, and limbmalformations otherwise known as the
VACTERL associations. There is also a high incidence of TEF
among children born with trisomy 21. The diagnosis is made
presumptively when a nasogastric tube cannot be advanced
past 10 cm and gas is present in the stomach on radiograph.
These babies get into trouble because they aspirate from pool-
ing oropharyngeal secretions and because increasing amounts
of stomach gas can worsen pulmonary compliance and lead to
atelectasis, hypoxemia, and impaired ventilation. The risk of
aspiration can beminimized if repair is undertakenwithin a few
days of birth. Repairs are performed all at once or in a staged
manner (for babies weighing less than 1000 g, with pure EA, or
critical anomalies, often a gastrostomy tube is placed first, fol-
lowed by patient stabilization, and deferred repair). The oper-
ation is typically performed in the left lateral decubitus posi-
tion for a right thoracotomy (90% of cases), via a retropleural
or transpleural approach. Some isolated TEF (H-type) can be
approached through a neck incision.

General anesthesia is used, but can be augmented with a
caudal or lumbar epidural catheter after the airway is secured.
To minimize gastric distention, spontaneous ventilation is
maintained or minimal pressures are used if mask ventilation
is required prior to intubation. It is important to position the
endotracheal tube to avoid ventilating into the fistula. Classi-
cally, the endotracheal tube is advanced to the right mainstem
bronchus and slowly withdrawn until breath sounds are heard
bilaterally, at which point the tip will be just above the carina
(hopefully distal to the fistula), and the tube is rotated so that the
bevel opens anteriorly – away from the posteriorly positioned
fistula. If a large fistula exists, bronchoscopy with placement of
a Fogarty catheter prior to intubation may improve ventilation.
A gastrostomy tube, if placed, may help by serving as a pop-off
valve for the gastric air, but can also encourage ventilation into
the stomach as gases follow the path of least resistance (inwhich
case the gastrostomy tube may have to be clamped or placed to
water seal).

Blood loss is typically minimal, and an arterial line is typ-
ically placed for monitoring blood gases as well as perfusion
with potential compression of great vessels. If no epidural is
placed, muscle relaxation and moderate-to-high dose opioid is
used (unless spontaneous ventilation is still being used until lig-
ation of the fistula). At the point where the surgeon is approach-
ing the fistula, it may be necessary to pass an orogastric tube to
identify the proximal pouch. At the end of the repair, a naso-
gastric tube is passed under direct visual inspection by the
surgeon and carefully taped in place. At the end of the case,
extubation may be considered with competing pros and cons:
immediate extubation in the ORwould limit the time the endo-
tracheal tube spends lying against the suture line, but the need
for urgent reintubation might compromise a new esophageal
anastomosis. If not extubated in the OR, the baby is typically

sedated and ventilated for a few days in the NICU to allow
healing.

Necrotizing enterocolitis
Necrotizing enterocolitis (NEC) results from ischemia and/or
inflammation of the GI tract. It most commonly affects the ter-
minal ileum and occurs in stressed, premature infants, with a
severity of symptoms, complications, and a mortality rate that
is inversely proportional to gestational age. Although its spe-
cific etiology is not completely understood, NEC is linked to
mucosal injury from decreased mesenteric blood flow, which
may be caused by reduced cardiac output from fetal asphyxia,
a PDA, postnatal apnea, heart failure, arrhythmia, or severe
bradycardia and hypoxemia. Other factors include enteral
feeding of small preterm infants, use of hyperosmolar formula,
bacterial infection, intestinal dysfunction, gram-negative endo-
toxemia, polycythemia, congenital heart disease, and a his-
tory of umbilical artery catheterization or exchange transfusion.
The combination of bacteria and ischemia seems to be critical,
with a wide range of organisms associated with NEC, including
Escherichia coli, Enterobacter, Klebsiella, and Pseudomonas.

Although NEC may resolve with conservative management
(antibiotics, gastric decompression, no enteral feeds), it may
progress to necrosis and perforation requiring either laparo-
tomy with bowel resection and stoma formation or a drainage
procedure, according to surgeon preference (evidence supports
drains for weight � 1500 g). Absolute indications for opera-
tion include pneumoperitoneum and intestinal gangrene (posi-
tive paracentesis). Relative indications for surgical intervention
include signs of clinical deterioration (e.g., worseningmetabolic
acidosis, respiratory failure, oliguria or hypovolemia, throm-
bocytopenia, leucopenia or leukocytosis), portal vein gas or
dilated loops of bowel on abdominal imaging, erythema of the
abdominal wall, or discoloration of the abdominal wall (sugges-
tive of intraperitoneal meconium).

Most infants will be intubated for stabilization in the NICU,
but, if not, full-stomach precautions should be employed after
effective preoxygenation. Atropine may be considered prior to
laryngoscopy. With concern for ROP, avoid excessive inspired
oxygen concentration with an oxygen–air mixture during the
maintenance. Consider use of a NICU ventilator if high venti-
lator support settings are needed. Because extubation will not
usually be planned, a hemodynamically stable opioid-based
anesthetic is appropriate. An arterial line, preferably preduc-
tal, is needed for hemodynamic monitoring, to follow oxygena-
tion and ventilation, and for sampling laboratory tests. Good
IV access is needed for volume resuscitation (a central line
may be necessary if access is difficult). Five percent albumin
boluses, at 10 to 20 ml/kg at a time, are typically needed to
maintain intravascular volume, although dopamine and even
epinephrine may be needed for additional hemodynamic sup-
port. Fluid therapy is geared to attempt to maintain intravascu-
lar volume but minimize bowel wall edema, which may make
ventilation difficult with closure. Transfusion of packed cells
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Table 130.4. Anesthetic considerations for various surgical urgencies and emergencies

Surgical
diagnosis Preoperative considerations Intraoperative considerations Postoperative considerations

Gastroschisis and
omphalocele

RDS if premature
Cardiac anomalies (omphalocele)
Sepsis
Intestinal atresia
Hypovolemia
Hypoglycemia

Hypovolemia
Hypothermia
Hypercarbia
Hypoxemia
Respiratory acidosis
Metabolic acidosis
Atelectasis
Volume overload/pulmonary edema

Oxygenation/ventilation problems
Bowel ischemia
Renal failure
Peritonitis
Sepsis
Metabolic acidosis
Hypothermia
Analgesia (epidural or opioid)

CDH Overexpanded contralateral lung
Hypoplastic ipsilateral lung
Pneumothorax and barotrauma
Pulmonary HTN
May be on ECMO
Respiratory acidosis
Metabolic acidosis
IVH
Hypoglycemia
Hypokalemia if on diuretics

Epidural or opioid-based technique
Pneumothorax
Hypovolemia
Pulmonary HTN
Suprasystemic RVBPs
Hypoventilation
Hypothermia
Metabolic acidosis
Right-to-left shunting
Volume overload

Analgesia (epidural or opioid)
Pneumothorax and barotrauma
Hypovolemia
Pulmonary HTN
Suprasystemic RVBPs
Hypoventilation
Hypothermia
Metabolic acidosis
Right-to-left shunting
Volume overload
May require HFOV or ECMO after “honeymoon

period” within 24–48 h of repair

TEF Aspiration
Gastric distention
RDS if premature
Cardiac anomalies
GI anomalies
Renal anomalies

Epidural or opioid-based technique
Aspiration
Hypothermia
Metabolic acidosis
Respiratory acidosis
Pneumothorax
Atelectasis/hypoxemia
Mucus plugging
Gastric distention
Extubate in OR if possible

Analgesia (epidural or opioid)
Pneumothorax
Apnea
Hypoventilation
Tracheal leak
Weakness
RLN injury
Pneumonia

NEC Respiratory compromise from
abdominal distention

Respiratory and metabolic acidosis
Sepsis
Volume depletion
Hypoglycemia
Hypocalcemia
DIC

No epidural if septic
Minimize FiO2 (retinopathy)
Vasopressors/ionotropes
Hypovolemia
Metabolic acidosis
Hypoglycemia
Hypocalcemia
Bowel wall edema
Respiratory compromise with

abdominal closure

ROP
Hypovolemia
Metabolic acidosis
Sepsis
Pulmonary edema with fluid remobilization
Opioids for postoperative analgesia

RDS, respiratory distress syndrome; HTN, hypertension; ECMO, extracorporeal membrane oxygenation; IVH, intraventricular hemorrhage; RVBP, right
ventricular blood pressure; HFOV, high frequency oscillatory ventilation; RLN, recurrent laryngeal nerve; DIC, disseminated intravascular coagulation.

and possibly fresh frozen plasma (FFP) and platelets may be
required. Epidurals are generally not used because of the con-
cern for sepsis and are not needed if the patient is intubated
for several days. Potential complications in the OR include
hypothermia, metabolic acidosis, hypovolemia, hypocalcemia,
hypoglycemia; postoperatively, pulmonary edema may be seen
as fluid mobilizes. (See Table 130.4.)

Pyloric stenosis
Pyloric stenosis is caused by idiopathic hypertrophy of themus-
cular layers of the antrum and pylorus, and usually manifests
in the 2nd to 8th week of life. Occurring more frequently in
boys (and perhaps first-born boys), this lesion has an inci-
dence of approximately 1:500 live births. Neonates present
with nonbilious projectile vomiting, and the hypertrophied
muscular layers can often be palpated as an olive-sized mass

located between the midline and right upper quadrant. Radio-
logic diagnosiswas historically accomplishedwith barium swal-
low, and is now increasingly performed with the widespread
availability of ultrasound. Clinical awareness has also led to ear-
lier diagnosis, leading to less severe physiologic derangements
of these babies when they present for preoperative evaluation
before the definitive surgical treatment, pyloromyotomy – divi-
sion of the hypertrophied fibers.

Pyloric stenosis is not a surgical emergency, but fluid resus-
citation may be urgent depending on the severity of dehydra-
tion. Chloride and hydrogen ions are lost from the GI tract
through severe vomiting, and this loss is accompanied by a renal
response that beginswith excretion of bicarbonate, sodium, and
potassium. With ongoing depletion of sodium and potassium,
conservation of these electrolytes in the distal tubules leads to
excretion of hydrogen ions and a resultant worsening of the
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metabolic alkalosis.With protracted vomiting, these infants can
have a mixed metabolic alkalosis (from GI and renal proton
losses) andmetabolic acidosis (lactic acidosis from pronounced
intravascular depletion from the dehydration accompanying
ongoing vomiting and decreased effective enteral intake), with
hypokalemia and hypochloremia. Prior to a patient’s arrival in
the OR, his or her electrolytes should be checked to ensure
that they have been normalized, and volume status should be
assessed to ensure adequate preoperative fluid resuscitation
(sometime requiring as much as 50–100 ml/kg in fluid boluses
if severely dehydrated).

Pyloromyotomy is performed through either an open
approach or laparoscopically. If open, the operation involves
either a right upper quadrant or periumbilical incision. If
laparoscopic, three trocar incisions are typically made for cam-
eras, tools, and intraperitoneal carbon dioxide insufflation.
After being identified, the serosa and hypertrophic muscle of
the pylorus are divided with a scalpel or electrocautery, with
care not to advance the division so deep as to cause a tear of
the fragile gastric mucosa. Adequate myotomy is usually indi-
cated by visible herniation or bulging of the submucosa into the
myotomy site.

Anesthetic preparation is as formost neonatal cases, includ-
ing warming the room. To minimize the risk of aspiration, the
stomach is emptied by passing a large-bore orogastric tube prior
to induction and suctioning with the baby in the right lateral,
left lateral, and supine positions. Atropine at 20 �g/kg, with
a minimum dose of 100 �g may be given before induction
to minimize bradycardia if succinylcholine is used and as an
antisialogogue.The two usual approaches to intubation include
(1) an awake technique or (2) a rapid sequence or modified
rapid-sequence induction after careful preoxygenation. Main-
tenance is achieved with a balanced technique of volatile agent
delivered in either an air–oxygen mixture or a nitrous oxide–
oxygen mixture (the latter probably best avoided in laparo-
scopic procedures). Even term infants with pyloric stenosismay
be more sensitive to postoperative apnea with opioids, prob-
ably related to residual central nervous system (CNS) acid–
base changes; adequate postoperative analgesia can be achieved
by local anesthetic infiltration of the incision site in conjunc-
tion with acetaminophen and possibly ketorolac. Emergence
is accompanied by adequate reversal of muscle relaxation (hip
flexion is a good indicator for return of strength in an infant)
and extubation when fully awake. Postoperatively, the neonate
should be monitored for apnea for 12 to 24 hours given the risk
of apnea after general anesthesia (and perhaps greater risk if
opioids are also administered).

Meningomyelocele
Neural tube defects occur with an incidence of 0.5/1000 to
1/1000 live births and are more common in female infants than
males; they are generally diagnosed prenatally by ultrasound
and are associated with elevated maternal serum alpha-
fetoprotein levels. Low levels of maternal folate and mater-
nal ingestion of valproic acid have been associated with these

defects. Spina bifida occurs when the posterior neural tube fails
to close properly starting in the 4th week of fetal life. The least
severe form of spina bifida is spina bifida occulta, which is
a failure of the vertebral arches to form, usually with a nor-
mal spinal column; this defect may be detected by skin dim-
pling or a lipoma in the area. Another form of spina bifida is a
meningocele, in which a fluid-filled sac composed of skin and
meninges protrudes from the back. The spinal cord function
may remain normal in a patient with a meningocele. A third
type is a meningomyelocele, in which the fluid-filled sac also
contains neural elements. Spinal cord function is never nor-
mal in patients with meningomyelocele, although patients with
low lumbar or sacral meningomyeloceles can learn to walk with
braces. Finally, in raschisis, much of the spinal cord is abnormal
and covered with skin andmeninges.This birth defect is usually
incompatible with life.

These defects may be associated with lower extremity weak-
ness, bowel and bladder dysfunction, orthopedic abnormalities
such as hip dysplasia and club feet, and congenital heart dis-
ease. Some lumbar meningomyeloceles are associated with an
Arnold–Chiari type 2malformation, which consists of displace-
ment and elongation of the brainstem and protrusion of the
cerebral tonsils through the foramen magnum.The fourth ven-
tricle is also displaced below the level of the foramen magnum,
whichmay be small.Thismalformation is almost always accom-
panied by hydrocephalus and usually requires surgical shunt-
ing. Cranial nerve difficulties are also common and include
vocal cord paresis, stridor, apnea, facial weakness, and strabis-
mus.

Although clinical trials of intrauterine repair of me-
ningomyelocele are being done, themajority are repairedwithin
48 hours of birth. A cesarean delivery is advised because it
is associated with less perinatal infection. At delivery, the sac
should be covered with a moist, occlusive, antibiotic dressing,
and great care should be taken to maintain the sac’s integrity.
Surgical repair is done with the patient in the prone position,
and the goal of surgical treatment is create a repair with secure
dural coverage, free of cerebrospinal leaks and tension. Pri-
mary closure is often done, but, for large defects, musculocuta-
neous or cutaneous flaps or grafts may be required and involve
the services of plastic surgeons in addition to neurosurgeons.
Patients with symptomatic hydrocephalus may have a ventricu-
loperitoneal shunt placed during their initial meningomyelo-
cele repair.

Meningomyelocele repair is usually done with a general
anesthetic, although there are case reports of spinal anesthe-
sia being used for repair. It is critical to preserve the integrity
of the sac prior to repair, and thus the patient should not be
positioned in the supine position if possible. For induction and
intubation, the patient can be either positioned lateral or placed
on a foam “donut” (or on rolls under the shoulders and hips) to
allow the sac to hang free from all pressure. Most infants will
have an IV catheter in place for fluid replacement and antibi-
otics, but there is no contraindication to inhalation induction.
Because of both multiple surgical procedures and some atopic
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predisposition, this patient population is at increased risk for
development of latex allergy, so latex precautions are generally
taken from birth.

Because infants have the potential for cranial nerve dys-
function, it is critical to extubate these patients at the conclu-
sion of the surgery only if they demonstrate alertness, a normal
breathing pattern, and the ability to protect their airway. These
patients are initially cared for in an intensive care setting. Opi-
oids are used with caution in this patient population. Position-
ing for extubation is as for induction; the patient is generally
positioned prone again after extubation after it is clear that there
are no airway issues.
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Chapter

131 Congenital heart disease
Denise M. Chan and Annette Y. Schure

Introduction
Congenital heart disease (CHD) is the most common congen-
ital defect. It affects 4 to 9 per 1000 live-born, full-term infants
and is two to three times more common in premature babies.
There are currently more than 1.2 million patients with CHD
living in the United States, and 300,000 of them are younger
than 21 years. Over the last few decades, mortality rates have
declined dramatically, andmore andmore of these patients will
require both cardiac and noncardiac surgical procedures. Thus
it is imperative for all anesthesiologists, not only cardiac spe-
cialists, to understand the basic principles of managing patients
with CHD.

Classification
Congenital heart defects can be broadly categorized as cyanotic
(“blue babies”) or acyanotic (“pink babies”) and then can be fur-
ther classified according to the underlying pathophysiology into
shunts, obstructions, and complex lesions with mixing of pul-
monary and systemic blood flow (Table 131.1).

Themost common congenital cardiac lesions are ventricular
septal defect (VSD), transposition of the great arteries (TGA),
tetralogy of Fallot (TOF), and coarctation of the aorta. Together
these comprise approximately half of all CHDs.

Pathophysiology
Left-to-right shunts
Children with significant left-to-right shunts will demonstrate
increased pulmonary blood flow as soon as the initially high
pulmonary vascular resistance (PVR) of the perinatal period
starts to decline, usually around 6 to 8 weeks of age. The pul-
monary overcirculation leads to increased pulmonary artery
(PA) pressures and progressive left ventricle (LV) volume over-
load, which will eventually result in congestive heart fail-
ure (CHF), low cardiac output, and pulmonary congestion
or edema. Clinically this will manifest as poor peripheral
circulation with cold extremities and mottled skin, as well
as tachypnea, rales, increased work of breathing, and hep-
atomegaly. Persistent increases in pulmonary blood flow and
pressure provoke changes in the pulmonary microvasculature
that cause vasoconstriction and, ultimately, the development of

pulmonary vascular obstructive disease (PVOD). Initially, these
changes are reversible, but they can be fixed as early as 6months,
depending on the type and size of the defect. If left untreated,
increasing PA pressures will eventually compromise right ven-
tricle (RV) function.With further increases in PVR, either sud-
den or gradual, PA pressure may exceed LV pressure and can
lead to reversal of the shunt, resulting in right-to-left flow and
cyanosis (Eisenmenger syndrome).

Right-to-left shunts
In cardiac defects with a right-sided flow obstruction and
a connection between the right and left sides of the heart,
venous blood will be shunted away from the pulmonary cir-
culation and directly mixed with arterial blood, leading to
hypoxemia and cyanosis. To maintain adequate tissue oxy-
genation, these patients develop polycythemia. Unfortunately,
this compensatory mechanism causes significant hyperviscos-
ity and increases the risk for spontaneous thrombus formation
and ischemic strokes. These negative effects on blood rheology
can be further exacerbated by dehydration and prolonged fast-
ing periods. Depending on the location and extent of the right-
sided flow obstruction, the pressure load on the RV can result
in marked hypertrophy and progressive RV dysfunction and
arrhythmias.

Table 131.1. Classification of CHD (incidence of lesion as percentage of
all CHD)

Cyanotic Acyanotic

Right-to-left shunts
Tetralogy of Fallot (10%)
Pulmonary atresia (1%)
Tricuspid atresia (<1%)

Left-to-right shunts
VSD (20%–25%)
ASD (5%–10%)
Endocardial cushion defect
(AV canal) (4%–5%)

PDA (5%–10%)
Complex “mixing” lesions
Transposition of the great vessels (5%)
Total anomalous pulmonary venous

return (1%)
Truncus arteriosus (1%)
HLHS (1%)
Double-outlet RV (<1%)
Obstructive lesions (right-sided)
Pulmonary stenosis (5%–8%)

Obstructive lesions (left-sided)
Coarctation of the aorta (8%–10%)
Aortic stenosis (5%)
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Table 131.2. Manipulation of PVR

Factors increasing PVR Factors decreasing PVR

• PEEP
• High airway pressure
• Atelectasis
• Low FiO2
• Acidosis and hypercapnia
• Increased hematocrit
• Sympathetic stimulation
• Pain and agitation
• Epinephrine, dopamine
• Direct surgical manipulation

• No PEEP
• Low airway pressure
• Normal FRC
• High FiO2
• Alkalosis and hypocapnia
• Low hematocrit
• Blunted stress response
• Nitric oxide
• Vasodilators (milrinone)

PEEP, positive end-expiratory pressure.

Obstructive lesions
Left- or right-sided outflow obstructions impose primarily
pressure loads on the respective ventricles, resulting in signif-
icant hypertrophy and increased oxygen consumption. With
critical stenosis or obstruction, cardiac output and tissue per-
fusion are markedly decreased, leading to hypoxemia and
metabolic acidosis. Decreased coronary perfusion can mani-
fest as ventricular failure and arrhythmias. During the neona-
tal period, adequate systemic or pulmonary blood flow is often
maintained through a patent ductus arteriosus (PDA). Closure
of the PDA can lead to sudden decompensation.

Complex “mixing” lesions
Defects in which venous and arterial blood are mixed at vari-
ous levels before reaching the systemic circulation are known
as complex mixing lesions. Often additional intra- or extra-
cardiac flow obstructions are present. Arterial oxygen satura-
tion and adequate tissue perfusion are highly dependent on
a well-balanced ratio of pulmonary and systemic blood flow.
Pulmonary overcirculation will initially lead to high satura-
tions (�90%), but it will also result in inadequate systemic
cardiac output and metabolic acidosis. Predominance of the
systemic circulation and poor pulmonary perfusion will result
in hypoxemia and cyanosis. This form of circulation is
described as “parallel circulation” in contrast to the “series
circulation” of a normal heart. PVR and systemic vascular
resistance (SVR) are important determinants for a heart with
parallel circulation (Tables 131.2 and 131.3).

Table 131.3. Manipulation of SVR

Factors increasing SVR Factors decreasing SVR

• Sympathetic stimulation

– Pain and agitation
– Epinephrine, dopamine
– Norepinephrine
– Ketamine

• Negative intrathoracic pressure
• Hypothermia

• Adequate sedation and
analgesia

• Vasodilators

– Milrinone, dobutamine
– Nitroprusside
– ACE inhibitors

• Positive pressure ventilation
• Fever, sepsis

Preoperative evaluation of patients
with congenital heart disease
A thorough understanding of the anatomy and pathophysiol-
ogy of the cardiac defect is important for the safe periopera-
tive management of patients with CHD. For complex lesions it
can be useful to contact the pediatric cardiologist. Table 131.4
highlights the important aspects of the preoperative assessment.
However, all evaluations must be adjusted for the specific lesion
and planned procedure; not all patients need cardiac catheteri-
zation or MRI.

For patients with repaired congenital heart defects who
present for cardiac or noncardiac procedures, specific infor-
mation about the type and outcome of previous surgeries is
important. Palliative repairs (e.g., PA banding, Blalock–Taussig
shunts) with significant residual pathophysiology must be dif-
ferentiated from definitive repairs. The anesthesiologist should
be aware of any residual defects, such as patch leaks or outflow
obstructions, surgical complications, or altered anatomy and
physiology. A history of frequent interventional procedures can
be a strong indicator of residual problems. All patients should
be specifically asked about signs and symptoms of exercise-
induced ventricular dysfunction or arrhythmias. In addition,
sites of previous vascular shunts and cut-downs for access need
to be documented.

The indication for perioperative endocarditis prophylaxis
has to be assessed on an individual basis, according to the
latest guidelines published by the American Heart Associa-
tion (http://www.americanheart.org). The current version rec-
ommends prophylaxis only for CHD with the highest risk of
adverse outcome from endocarditis and for specific surgical
procedures.

General considerations for anesthetic
management
Premedication in children with complex CHD is desirable,
as it improves oxygen saturation, decreases myocardial oxy-
gen consumption, and facilitates a smooth induction. Opioids
and benzodiazepines, alone or in combination with ketamine,
may be used, but care must be taken to avoid overseda-
tion, because hypoventilation and bradycardia are often poorly
tolerated.

Induction of anesthesia may be accomplished using a vari-
ety of techniques, depending on the type of cardiac defect
and extent of ventricular dysfunction. For patients with well-
preserved ventricular function, a careful inhalation induction
is an option. Of note, a significant right-to-left shunt can slow
downan inductionwith inhaled anesthetics.When a substantial
portion of the cardiac output is shunted away from the lungs,
the uptake of inhaled anesthetics is decreased, and the time to
reach adequate partial pressures in the brain is prolonged. This
effect is more pronounced for insoluble gases.

Patients with significant ventricular dysfunction and poor
cardiac reserve may be unable to tolerate the cardiodepression
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Table 131.4. Important aspects for the preoperative evaluation

History • Signs and symptoms of CHF:
– Failure to thrive (FTT), poor feeding, tachypnea, sweating
– Recurrent pulmonary infections (secondary to congestion)
– Decreased activity level and fatigue in older patients

• Palpitations or syncope
• Additional congenital anomalies (e.g., airway, genitourinary)
• Recent and current medications (e.g., diuretics, digoxin, ACE inhibitors)
• Review of previous surgeries and interventional procedures
• Last follow-up with the patient’s pediatric cardiologist

Physical examination • Characteristic heart murmur, precordial thrill, arrhythmias
• Tachypnea, increased work of breathing, rales
• Poor peripheral perfusion, delayed capillary refill
• Bounding or diminished pulses
• Cool extremities, mottled skin, sweating
• Hepatomegaly
• Peripheral edema

Laboratory studies • CBC: polycythemia (secondary to cyanosis), anemia (secondary to malnutrition)
• Electrolytes: hypokalemia, hyponatremia (secondary to diuretic therapy)
• Coagulation profile

Additional tests • Echocardiography: cardiac function and intracardiac anatomy
• EKG: rhythm, signs of atrial or ventricular hypertrophy
• CXR: cardiomegaly, pulmonary edema, or infiltrates

Specific studies • Cardiac catheterization: anatomy, pressure gradients, saturations, shunts
• Cardiac MRI: anatomy, pulmonary blood flow, RV and LV function

CBC, complete blood count; EKG, electrocardiography; CXR, chest radiograph.

and hypotension that are often associated with inhalation
induction. For intravenous (IV) induction, a combination of
benzodiazepine, opioid, and a small dose of an induction agent
is frequently used. Maintaining a good airway for effective oxy-
genation and ventilation as well as an optimal ratio of PVR to
SVR are also extremely important.

The plan for maintenance of anesthesia will depend on
many factors, including the type of CHD; the age, condition,
and comorbidities of the patient; the surgical procedure; the
expected duration; the use of cardiopulmonary bypass (CPB);
and the need for postoperative ventilatory support. In general,
more complex or fragile patients should be maintained with
an opioid-based anesthetic, whereas patients with simple or
straightforward defects and preserved cardiac function can be
anesthetized with a balanced technique with inhalation agent
and opioid.

The risk and benefits of invasive monitoring are deter-
mined by the complexity of the cardiac defect, the patient’s
condition, and the surgical procedure. For patients with
complex lesions having extensive procedures with possible
hemodynamic instability, major fluid shifts, or poor vascu-
lar access, central venous cannulation and invasive blood
pressure (BP) monitoring should be established prior to
the procedure. Additional monitoring modalities include
intraoperative transesophageal echocardiography and cerebral
oximetry.

Depending on the patient’s history and condition, the need
for inotropic support, nitric oxide, or antiarrhythmic therapy
(e.g., defibrillation, adenosine, or amiodarone) must be anti-
cipated.

Common congenital heart defects
Ventricular septal defect
Incidence and pathophysiology
VSDs are themost common form of CHD, affecting 20% to 25%
of CHD patients; 30% to 40% of VSDs will close spontaneously
within the first year of life.

VSDs are differentiated according to location: perimembra-
nous (80%), outlet (just beneath the pulmonary valve; 5%–7%),
inlet (posterior and inferior; 5%–8%), or muscular (within the
trabecular area; 5%–20%). Muscular VSDs are often multiple
and have a “Swiss-cheese” appearance (Fig. 131.1).

The resulting left-to-right shunt is dependent on the size of
the defect and the pressure gradient across the septum, which is
determined by LV and RV pressures, PVR, and SVR. Large left-
to-right shunts lead to pulmonary overcirculation, CHF, and
poor cardiac output.

Signs and symptoms
Small VSDs can be completely asymptomatic and found inci-
dentally on physical examination. Infants with a large VSD will
usually develop CHF at 6 to 8 weeks of age when PVR declines.
Cardiac examination may reveal a holosystolic murmur and
possibly a systolic thrill at the left sternal border. Poor cardiac
output results in tachypnea, mottled skin, and cool extremities.
Additional signs and symptoms include failure to thrive (FTT),
poor feeding, and delayed growth and development, as well as
recurrent pulmonary infections due to pulmonary overcircula-
tion and congestion.
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Figure 131.1. Location of various types of ventricular septal defects.

Associated anomalies
Fewer than 5% of VSDs are associated with chromosomal
abnormalities, such as trisomy 13, 18, and 21.

Treatment
Medical treatment of CHF may include digitalis, angiotensin-
converting enzyme (ACE) inhibitors, and/or diuretics. VSD
closure may be performed either with a device placed by an
interventional cardiologist or surgically. Surgical management
is considered in infants with CHF and FTT who are unrespon-
sive to medical treatment or in patients with large left-to-right
shuntswith a ratio of pulmonary to systemic flow�2:1. Asymp-
tomatic children may undergo elective repair at approximately
2 years of age to prevent long-term complications. Direct patch
closure is performed via an atrial approach or a ventriculo-
tomy. Infants who are unable to tolerate CPB may alternatively
undergo PA banding to reduce pulmonary blood flow.

Anesthetic considerations
Patients with a small VSD and no obvious CHF will usually tol-
erate a careful inhalation induction; however, one must still be
aware of reduced cardiac reserve. Conversely, patients with a
large VSD and significant CHF should have a careful IV induc-
tion aiming for a stable PVR/SVR ratio and normoventilation.
Hyperventilation and high fraction of inspired oxygen content

(FiO2) will increase left-to-right shunting and therefore should
be avoided. Severe hypotension or an increase in PVRplaces the
patient at risk for shunt reversal (i.e., right-to-left).

Considerations for patients with repaired VSDs
Endocarditis prophylaxis should be given for the first 6 months
after patch repair. Dysrhythmias and conduction defects,
such as right bundle branch block (RBBB), ventricular arrhyth-
mias, and heart block, may persist, as well as ventricular dys-
function after ventriculotomy.

Patent ductus arteriosus
Incidence and pathophysiology
The ductus arteriosus is a normal fetal structure that connects
the main pulmonary artery and the upper descending aorta.
In utero, approximately 60% of RV output bypasses the lungs
via the ductus arteriosus. In full-term infants, functional clo-
sure (i.e., smooth muscle contraction) usually occurs 10 to 15
hours after birth as a result of lung expansion, decreases in
PVR, exposure to increased PaO2, decreased prostaglandin lev-
els, and the release of vasoactive substances. Permanent closure
is completed by the first 2 to 3 weeks of life, leaving a fibrosed
band (the ligamentum arteriosum), which is the only remnant
of this intrauterine connection. In approximately 1:2500 live
births, however, the ductus fails to close.

The degree of left-to-right shunting via the PDA depends on
the size of the PDA and the ratio of PVR to SVR. Small PDAs
are often hemodynamically insignificant and asymptomatic.
Left-to-right shunting throughmediumPDAs increases as PVR
decreases over the first few months of life. With large PDAs, a
significant left-to-right shunt leads to LV overload and progres-
sive CHF, usually within the first few weeks of life, and, eventu-
ally, pulmonary hypertension.Additionally, sudden increases in
PVR can lead to shunt reversal with right-to-left shunting and
cyanosis.

Signs and symptoms
The classic finding on physical examination is a continuous
machine-likemurmur best heard at the left sternal border. Signs
of CHF include tachypnea, hepatomegaly, poor peripheral per-
fusion, and FTT. A widened pulse pressure with low diastolic
pressures may be seen, due to a “steal effect” from left-to-right
shunting. Patients also commonly have pulmonary congestion
or edema and recurrent respiratory infections.

Associated anomalies
A PDA is often essential for pulmonary or systemic blood flow
in patients with complex cardiac lesions (see sections on TGA
and hypoplastic left heart syndrome [HLHS]).

In preterm infants, the cardiovascular changes associated
with a PDA can exacerbate conditions such as necrotizing
enterocolitis, intracranial hemorrhage, or respiratory distress
syndrome.
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A B

Figure 131.2. Coarctation of the aorta. Anatomic spectrum of coarctation of the aorta, ranging from a discrete narrowing (A) to a diffuse hypoplasia of the
transverse arch (B).

Treatment
Medical treatment in preterm infants includes a trial of
indomethacin, as well as treatment of CHF and pulmonary
edema. Device closure may be performed by the interventional
cardiologist but has a high incidence of residual shunts (∼5%–
10%). Surgery is indicated for neonates who fail medical ther-
apy and for older asymptomatic children, usually at 2 to 4 years
of age. Current surgical options include PDA ligation or divi-
sion via posterolateral thoracotomy or hemoclip occlusion via
video-assisted thoracoscopic surgery (VATS).

Anesthetic considerations
Pre- and postductal pulse oximetry are important tools to detect
ligation of wrong vessels, and upper and lower extremity BP
monitoring are used to determine pressure gradients. Upon
PDA closure, the diastolic pressure should increase and the
murmur should disappear. In older children, lung isolation
with an endobronchial blocker or a double lumen tube may be
requested.

In preterm infants, PDA ligation is often performed at
the bedside to avoid transport and the risks associated with
it (e.g., hypothermia, respiratory changes, or accidental extu-
bation). Surgical exposure and retraction cause “functional”
single-lung ventilation. Short periods of desaturation may have
to be accepted to complete the procedure.

Considerations for patients with repaired PDAs
Recurrent laryngeal nerve injury is a potential complication of
surgical repair. In cases of late repair, pulmonary hypertension
and ventricular failure may develop.

Endocarditis prophylaxis should continue for the first 6
months after device closure or for residual shunts.

Coarctation of the aorta
Incidence and pathophysiology
Coarctation of the aorta is present in 5% to 10% of patients
with CHD. Most patients have a discrete stenosis of the upper
thoracic aorta, but the anatomic spectrum can range from a
long tubular hypoplasia of the transverse arch to bandlike stric-
tures in the descending aorta (Fig. 131.2). The hemodynamic
picture is highly dependent on the severity of the stenosis and
the presence of associated cardiac defects and collateral circula-
tion. For instance, a newborn with critical stenosis may decom-
pensate acutely when the ductus arteriosus closes. In contrast,
older patients with mild and slowly progressive pressure gra-
dients will develop systemic hypertension and compensatory
LV hypertrophy. Later in childhood, some form of collateral
arterial circulation often supports the perfusion in the distal
descending aorta.

Signs and symptoms
There are two major clinical presentations of patients with
coarctation of the aorta. An infant with severe coarctation
has CHF and low cardiac output. A child or adolescent with
mild to moderate coarctation presents with hypertension and
a murmur; these patients, although often asymptomatic, may
occasionally have exercise-induced claudication or headaches.
A systolic pressure gradient exists between upper and lower
extremities.

817



Part 24 – Pediatric Anesthesia

Associated anomalies
Coarctation of the aorta is often associated with other con-
genital anomalies: Fifty percent of patients have an additional
intracardiac lesion; 85% have a bicommissural aortic valve.
In addition, variations of the brachiocephalic vessels with an
abnormal origin of the subclavian arteries may occur, and 3%
to 5% of patients have berry aneurysms of the circle of Willis.
Patients with Turner syndrome have a high incidence of coarc-
tation; other congenital malformations are present in 25% of
patients.

Treatment
Prostaglandin E is used to establish or maintain ductal patency
in infants. Older children are placed on �-blockers for treat-
ment of hypertension prior to repair. Symptomatic neonates
will undergo surgery as soon as possible, usually after a 12-
to 24-hour period of stabilization. Otherwise, asymptomatic
patients should have their defect corrected after 3 months
of age to reduce the risk of long-term sequelae (e.g., persis-
tent hypertension, increased cardiovascular morbidity). Bal-
loon angioplasty and stenting, although the procedure of choice
for recoarctation, is controversial for primary treatment of
coarctation because of the higher incidence of restenosis and
complications.

Anesthetic considerations
Newborns and infants with CHF usually need a careful IV
induction and an opioid-based maintenance technique. Older
infants and children will generally tolerate an IV or inhalation
induction and maintenance. Invasive BP monitoring should
be placed in the right radial artery (the left subclavian artery
may be clamped during repair), unless there is an anoma-
lous right subclavian artery. Additional BP monitoring and
pulse oximetry are placed in lower extremities. During cross-
clamping, isoflurane and short-acting vasoactive agents (e.g.,
esmolol, nitroprusside, or nitroglycerin) decrease wall tension
and oxygen consumption. Upon unclamping, goals include cor-
rection of metabolic acidosis and volume replacement. In the
postoperative phase, it is important to watch for hyperten-
sion and postcoarctectomy syndrome (e.g., abdominal pain,
vomiting).

Considerations for patients with repaired coarctation
Endocarditis prophylaxis should continue for the first 6months
following patch repair. Patients are at risk of recoarctation and
exercise-induced pressure gradient, as well as persistent hyper-
tension andmyocardial hypertrophywith diastolic dysfunction.
Patients with coarctation repaired late in life are at higher risk
of premature coronary artery disease.

Atrial septal defect
Incidence and pathophysiology
In its isolated form, atrial septal defects (ASDs) comprise 5%
to 10% of congenital heart defects, but they are part of more

Figure 131.3. Location of the different types of atrial septal defects.

complex cardiac defects in 30% to 50% of CHD patients. There
are three basic categories of ASDs: an ostium secundum defect
(50%–70%) is located in the fossa ovalis; an ostium primum
ASD (15%–30%) is an endocardial cushion defect and is com-
monly associated with a cleft mitral valve and mitral regurgita-
tion; and a sinus venosus ASD (10%–30%) is most commonly
located at the junction of the superior vena cava (SVC) and right
atrium (RA), and is often found in combination with partial
anomalous pulmonary venous return (Fig. 131.3). Occasion-
ally, an unroofed coronary sinus may be considered as a form
of ASD.

The underlying pathophysiology is a left-to-right shunt with
slowly progressive RA and RV dilation and eventually devel-
opment of pulmonary hypertension. More than 80% of ASDs,
especially those�8mm in size, will close spontaneously within
the first 2 years of life.

Signs and symptoms
Most patients are asymptomatic; large, untreated ASDs may
cause CHF and significant pulmonary hypertension in the third
or fourth decade of life. ASDs are often incidental findings on
physical examinations or later in life during the evaluation of
supraventricular tachyarrhythmias or paradoxic embolization.
Cardiac examination classically reveals a widely split and fixed
S2 and a II-III/VI systolic murmur along the left sternal border.
Patients may have a slender body build and exhibit decreased
exercise tolerance and dyspnea on exertion. Later in life, they
may have palpitations, atrial flutter, or atrial fibrillation.
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Associated anomalies
ASDs may be associated with virtually any congenital anomaly.
The most commonly associated cardiovascular defects include
pulmonary stenosis, partial anomalous venous return, and
VSD.There is a higher incidence of secundumASDs in patients
with Holt–Oram, Noonan, Marfan, and Turner syndromes.

Treatment
Device closuremay be performed by the interventional cardiol-
ogist for patients with suitable anatomy. Surgery is usually indi-
cated for infantswithCHFandFTTwho are too small for device
closure. Surgery may also be performed electively in asymp-
tomatic children around 2 to 5 years of age to prevent long-term
complications (e.g., arrhythmias, Eisenmenger syndrome). Via
a mini or full median sternotomy and an atrial approach, the
defect is directly closed with a suture or a pericardial patch.

Anesthetic considerations
Careful removal of all air bubbles from lines is essential to pre-
vent paradoxic air embolus. Inhalation induction is usually well
tolerated, except in sick infants with CHF. Most patients can be
extubated at the end of the surgical repair.

Consideration for patients with repaired ASDs
Endocarditis prophylaxis should be given during the first 6
months after device or patch closure. These patients frequently
have perioperative dysrhythmias, and they may have persistent
RV dilation or pulmonary hypertension if the repair has been
delayed.

Tetralogy of Fallot
Incidence and pathophysiology
Approximately 5% to 10% of all CHDs are classified as TOF. It
is by far the most common cyanotic lesion.

Embryologically, TOF is caused by an underdevelopment
of the RV infundibulum and malalignment of the infundibular
septum, leading to the classic tetrad: RV outflow tract (RVOT)
obstruction; a large, nonrestrictive VSD; an overriding aorta;
and RV hypertrophy (Fig. 131.4). The most important patho-
physiologic aspect of TOF is the obstruction to pulmonary
blood flow, which leads to a right-to-left shunt via the VSD and
subsequent hypoxemia and cyanosis.

The obstruction to pulmonary blood flow can be located at
any level of the pulmonary outlflow tract: in the area of the RV
infundibulum, the pulmonary valve or annulus, themain PA, or
even the branch PAs.The vast majority of cases will have a com-
bination of infundibular and valvular stenosis, where the degree
of obstruction can be highly dependent on RV contractility and
preload. Dehydration, tachycardia, and positive inotropes are
usually not well tolerated.

Signs and symptoms
Depending on the morphology, the clinical presentation can
vary significantly, from a severely cyanotic newborn to a “pink

Figure 131.4. Typical features of tetralogy of Fallot: RV hypertrophy,
RV outflow tract obstruction, large VSD and overriding aorta.

Tet” with CHF. Physical examination reveals a pansystolic mur-
mur at the left upper sternal border, representing flow through
theVSD. Patients often have cyanosis and hypoxemia, with oxy-
gen saturations between 70% and 90%, as well as decreased
exercise tolerance, dyspnea on exertion, and easy fatigabil-
ity. Squatting increases SVR and arterial oxygenation. Chronic
hypoxemia leads to polycythemia and an increased risk of spon-
taneous thrombosis and ischemic strokes. Hypercyanotic spells
or “tet spells” (episodes of severe cyanosis, abnormal respira-
tions, and altered level of consciousness) occur in 20% to 30%
of patients, with a peak incidence at 2 to 3 months of age.

Associated anomalies
Only 68% of TOFs are isolated cardiac lesions. Associated chro-
mosomal abnormalities include trisomy 13, 18, and 21; genetic
syndromes such as DiGeorge, CHARGE (Coloboma of the
eye, Heart defects, Atresia of the choanae, Growth retardation
and/or developmental delay, Genital and/or urinary abnormal-
ities, Ear abnormalities and deafness), and VACTERL associ-
ation (Vertebral, Anal, Cardiac, Tracheal, Esophageal, Renal,
Limb anomalies) are also associated with TOF. TOF is often
seen with other cardiac anomalies, such as a right-sided aor-
tic arch and coronary anomalies, which may affect the surgical
approach to repair.

Treatment
Asymptomatic infants with minimal cyanosis are initially man-
aged conservatively. Some patients may be given prophylactic
propranolol to prevent hypercyanotic spells while waiting
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for surgery. Treatment of hypercyanotic spells includes
“knee-chest position” or abdominal compression to increase
venous return; supplemental oxygen; volume expansion with
crystalloid or colloids; vasoconstrictors (e.g., phenylephrine);
�-blockade with esmolol or propranolol; and sedation with
morphine or ketamine.

Surgical management
Historically, surgical treatment involved a multistage approach:
palliation in infancy via an arterio-pulmonary shunt to pro-
vide adequate flow to the lungs and definitive repair later in life.
More recently, with improved bypass and surgical techniques,
the one-stage repair has been the procedure of choice. For sta-
ble patients with a favorable anatomy, most centers will plan
surgery for 3 to 4 months of age.

Depending on the specific morphology, definitive surgical
repair consists of the following components: patch closure of
the VSD; excision of RVOT muscle bundles; ventriculotomy
versus an atrial and transpulmonary approach; transannular or
infundibular patch; or complex repair with an extracardiac RV
to PA conduit for TOF with pulmonary atresia.

Anesthetic considerations
Polycythemia predisposes these patients to strokes, especially
during periods of dehydration and prolonged fasting. Optimal
timing of procedures and adequate rehydration are important.
Care should be taken to remove all air bubbles from lines to
avoid systemic air embolism. The potential for “hypercyanotic
spells” must also be considered. Generally, a gentle IV induc-
tion is used to maintain SVR and preload; in patients with mild
forms of TOF, a careful inhalation induction is possible.

Considerations for patients with repaired tetralogy of Fallot
These patients may need continued endocarditis prophylaxis,
depending on the presence of residual VSDs, RVOT obstruc-
tions, or pulmonary valve regurgitation and RV dilation (after
transannular patch repair).There is also a potential for arrhyth-
mias and significant RV dysfunction after ventriculotomy
due to scarring and fibrosis. LV dysfunction can result from
ischemic injury in patients with anomalous coronaries. In
addition, aortopulmonary collaterals may persist, especially in
patients with TOF and pulmonary atresia.

Transposition of the great arteries
Incidence and pathophysiology
TGA is a complex mixing lesion that comprises 5% to 7% of all
CHDs. It is the most common cyanotic CHD diagnosed in the
newborn period. Abnormal rotation and septation of the arte-
rial truncus results in transposition of the aorta and pulmonary
artery. The aorta arises anteriorly from the RV and transports
deoxygenated blood to the body, whereas the PA originates pos-
teriorly from the LV and carries oxygenated blood back to the
lungs.Thus, pulmonary and systemic circulations are in parallel

Figure 131.5. Transposition of the great arteries. Aorta arises from the RV
and the PA originates from the LV: Deoxygenated blood from the SVC and IVC
is transported back to the body via the aorta; and oxygenated blood from the
pulmonary veins goes back to the lungs via the PA. Complete separate and
parallel circulations, compatible with life only if some mixing of blood occurs
via an ASD, VSD, or PDA.

(Fig. 131.5). This situation can be fatal if it is not coupled with
another defect to provide a connection between the two circu-
lations; an associated ASD, VSD, or PDA will allow for some
mixing of oxygenated and deoxygenated blood. The RV has to
support the relatively high-pressure systemic circulation,
whereas the LV is exposed only to the slowly declining PVR.
Over time this situation will lead to RV failure and LV under-
development.

Signs and symptoms
Clinical manifestations are determined by the extent of mix-
ing and the presence of associated cardiac defects. Cyanosis is
present within hours of birth, and arterial hypoxemia and aci-
dosis may be unresponsive to oxygen inhalation. Signs of CHF
develop over the first fewweeks, especially in TGApatients with
a large VSD.

Associated anomalies
Associated cardiac defects that providemixing between the two
circulations are necessary for survival; in more than 50% of
patients, it is a PDA or patent foramen ovale (PFO), whereas
in 40% a VSD is present. Coronary anatomy variances and ven-
tricular outflow tract obstructions can complicate the picture
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(e.g., subpulmonary stenosis is seen in 30% of patients). TGA is
rarely associated with extracardiac anomalies or syndromes.

Treatment
Prostaglandin E1 infusion is used to maintain ductal patency if
necessary. CHF and metabolic acidosis are treated accordingly.
Balloon atrial septostomy can be performed to increase mixing
at the atrial level as the patient awaits surgical correction.

TGAcan be repairedwith the so-called “switch” procedures,
which redirect blood flow to the appropriate circulation. Switch
procedures can be done at all levels within the heart but with
different physiologic consequences.With a Senning orMustard
procedure, an intra-atrial baffle redirects flow from the SVCand
inferior vena cava (IVC) to the left atrium (LA) and from the
pulmonary veins to the RA. The RV remains the systemic ven-
tricle, however, and complications can include baffle obstruc-
tions, arrhythmias and RV failure later in life.

In a Rastelli or Damus–Kaye–Stansel procedure, an intra-
ventricular baffle and an RV-to-PA conduit are used to redirect
the blood flow. These patients are at risk for conduit stenosis,
ventricular scars, and arrhythmias.

Last, an arterial switch or Jatene procedure involves the
switching of the great vessels just above the ventricles – tran-
section of the aorta and PA, transfer of coronary arteries,
and reanastomosis over the appropriate ventricle. Kinking or
obstruction of the coronary arteries may occur.

Historically, TGA was repaired using the Senning or Mus-
tard technique, which was often associated with poor long-
term results. Currently the procedure of choice is the arterial
switch operation. When performed within the first week of life,
before the LV is “deconditioned,” it has by far the best long-term
results.

Anesthetic considerations
Goals for induction and maintenance include careful preserva-
tion of cardiac output and intercirculatory mixing. Decreases
in contractility, heart rate, or preload can lead to further
impairment of tissue oxygenation, increased oxygen extraction,
and venous desaturation, and thereby cyanosis. Additionally,
increases in PVR relative to SVR should be avoided. Elevated
PVR will reduce pulmonary blood flow, whereas decreases in
SVR will promote systemic recirculation. Both can result in
inadequate mixing and lower arterial oxygen saturation.

Considerations for patients with repaired TGA
Patients who have undergone an atrial switch are susceptible to
progressive RV dysfunction, tricuspid regurgitation, and right
heart failure. They are at increased risk of arrhythmias, sick
sinus syndrome, and sudden death, as well as baffle obstruction,
which leads to pulmonary edema and/or SVC syndrome. Con-
versely, long-term problems are rare in arterial switch patients.
Supravalvular pulmonary stenosis or regurgitation into the neo-
aorta is possible. Occasionally patients may have asymptomatic
occlusion of coronary arteries.

Figure 131.6. Hypoplastic left heart syndrome. Severe underdevelopment
of all left-sided structures: mitral valve stenosis or atresia, aortic valve stenosis
or atresia, hypoplastic left ventricle, ascending aorta and aortic arch. Systemic
perfusion via PDA including retrograde perfusion of coronary arteries.

Hypoplastic left heart syndrome
Incidence and pathophysiology
HLHS accounts for ∼1% of all CHDs. It is the most common
cause of death from CHD within the first month of life. This
syndrome involves a wide spectrum of cardiac anomalies char-
acterized by a combination of severe mitral and aortic valve
stenosis/atresia and marked hypoplasia of the LV, ascending
aorta, and aortic arch (Fig. 131.6). In utero, impaired blood flow
through the stenotic left-sided valves prevents adequate growth
of the LV and aortic arch. Typically, left-to-right shunting via a
PFOorASDdecompresses the left atrium, and a large PDApro-
vides flow to the descending aorta as well as retrograde flow to
the ascending aorta and coronary arteries.This anatomy results
in a classic univentricular physiology with parallel systemic and
pulmonary circulations. Oxygenated and deoxygenated blood
mixes in the single ventricle and may enter, depending on the
PVR/SVR ratio, either the pulmonary or systemic circulation.
Pulmonary overcirculation will lead to decreased systemic out-
put and acidosis, whereas systemic overcirculation will result
in significant cyanosis and hypoxemia.Therefore, a careful bal-
ance between PVR and SVR must be maintained.

Signs and symptoms
Signs and symptoms of cardiogenic shock manifest within the
first few hours of life as the PDA closes.
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SVC/IVC pressure
10–15 mm Hg

Atrial pressure
5–10 mm Hg

•Unobstructed venous return
•Adequate preload
•Low intrathoracic pressures

•PVR < 2 Wood units
•MPAP < 15 mm Hg
•Unobstructed vessels

•Sinus rhythm
•Competent AV valve
•Normal ventricle:
   Systolic and diastolic function
   No outflow obstruction

Pulmonary vascular
resistance (PVR)

Figure 131.7. Transpulmonary gradient after a modified Fontan procedure. Factors influencing the transpulmonary gradient: Unobstructed venous return,
adequate preload, and low intrathoracic pressure on the “venous side,” unobstructed PAs with low pressures and PVR in the pulmonary circulation and low atrial
pressure on the “ventricular side,” requiring normal sinus rhythm, a competent atrio-ventricular valve and normal ventricular function without residual outflow
obstruction.

Associated anomalies
In addition to the associated cardiac defects (PDA, ASD, and
coarctation), 12% of patients with HLHS have extracardiac
anomalies (e.g., trisomy 12 or 18, Noonan or Turner syndrome,
and agenesis of the corpus callosum).

Treatment
Ductal patency is maintained with prostaglandin E1. Stabiliza-
tion of the patient may require intubation, inotropic support,
and correction of metabolic acidosis. It is important to balance
pulmonary and systemic blood flow distribution, maintaining
arterial oxygen saturation at approximately 80% to 85%. Atrial
balloon septostomy is occasionally needed to enlarge a PFO and
decompress the LA.

Early surgical intervention within the first few days of life
is necessary for survival. Surgical options are basically cardiac
transplantation or palliative surgery (the “Fontan pathway”).
Neonatal cardiac transplantation is usually limited by the lack
of adequate donors, so most patients are initially treated with
several staged surgeries. Palliative procedures in the neonatal
period aim for balanced systemic and pulmonary blood flows,
allowing the baby to grow for several months despite cyanosis
and volume load on the ventricle.

The first stage (Norwood procedure), is performed within
the first week of life. This procedure includes the creation of a
neo-aorta originating from the RVusing themain PA and patch
augmentation of the hypoplastic aorta, an atrial septectomy, lig-
ation of the PDA, and a modified Blalock–Taussig (mBTS, sub-
clavian artery-to-PA) or Sano (RV-to-PA) shunt to provide pul-
monary blood flow. The goal is to secure systemic perfusion
independent of the PDA and allow for adequate maturation of
the pulmonary vascular bed while preserving the function of
the single ventricle.

The second stage (bidirectional Glenn procedure), is per-
formed at 3 to 6 months. The mBT or Sano shunt is replaced
by a direct anastomosis between the SVC and right pul-
monary artery, providing passive pulmonary blood flow. The
IVC remains connected to the heart. As a result, the volume load
on the ventricle is significantly reduced, but oxygenated and
deoxygenated blood still mix, and oxygen saturation remains
in the low 80s.

The third and final stage (modified Fontan procedure), is
performed at 18 to 24 months. With adequate growth and mat-
uration of the pulmonary vascular bed, the resistance should
be low enough to allow for complete separation of systemic
and pulmonary flow. The IVC is now also connected to the
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pulmonary artery, via either a lateral tunnel in the atrium or
an extracardiac conduit, with or without a small fenestration.
Pulmonary blood flow is completely passive, driven only by the
pressure gradient across the pulmonary vascular bed. A fenes-
tration can act as a pop-off valve and provide a residual right-
to-left shunt in case of sudden increases in PVR.

Anesthetic considerations
Induction and maintenance are aimed at preserving a care-
ful balance of pulmonary and systemic circulations. The goal
is a normotensive, well-perfused, nonacidotic patient with an
arterial oxygen saturation∼80% to 85%. Pulmonary overcircu-
lation with poor cardiac output should be treated by increas-
ing the PVR with controlled hypoventilation and low FiO2
and providing inotropic support. Systemic overcirculation with
profound cyanosis can be addressed by decreasing PVR and
optimizing afterload. Systemic hypotension can lead to poor
coronary perfusion, cardiac ischemia, and sudden ventricular
fibrillation. Patients are mechanically ventilated for at least 3 to
5 days postoperatively. During CPB for the first stage of repair,
significant total body edema develops; the chest is usually left
open for a few days until the edema resolves.

Considerations for patients after themodified Fontan procedure
Pulmonary blood flow and cardiac output are dependent on the
transpulmonary pressure gradient, which is determined by sev-
eral factors: adequate preload and venous return, low PVR, and
good ventricular function (Fig. 131.7). All factors that increase
PVR (e.g., acidosis, atelectasis, hypoxia, hypercapnia, hypother-
mia) need to be corrected immediately.

In addition, prolonged dehydration and fasting periods
should be avoided. These patients have a high incidence of
arrhythmias, thrombosis, strokes, and clot formation. They are
also susceptible to sudden right-to-left shunting if a fenestration
is present.
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Chapter

132 Management of postoperative pain in children
Rahul Koka and Navil F. Sethna

Introduction
Acute postoperative pain in adults and children is a well-
recognized inherent consequence of tissue damage no matter
how minor the procedure or trauma might be. Consider-
able efforts have been made in recent years to standardize
and improve acute pain management through the establish-
ment of guidelines. Historically, management of acute pain has
been undervalued for a variety of reasons, including a lack of
adequate training. A recent nationwide survey from Sweden
demonstrated that a large proportion of children had poor
pain relief after surgical procedures (23%) and from nonsurgi-
cal conditions (31%) due mainly to organizational deficiencies
rather than knowledge deficiency or lack of time or other bur-
dens on health care providers.

The Joint Commission and other organizations have man-
dated systematic pain assessment, informing patients of their
right to pain relief, prompt and effective treatment of unrelieved
pain, access to specialists in pain management, and hospital-
wide efforts at continuous quality improvement in pain
treatment. These initiatives develop a set of pain protocols
specifically for pediatric care, foster combined use of nonphar-
macologic and pharmacologic approaches, and promote col-
laboration of multiple disciplines to manage a child’s anxiety
and fear as well as pain. These goals are best achieved through
implementation of an acute pain management consult service
to provide 24-hour consultation and supervise and administer
analgesics requiring specialized interventions, such as epidu-
ral analgesia, continuous peripheral nerve blocks (PNBs), or
complex pharmacologic management. Such a service is usu-
ally staffed by anesthesiologists, anesthesia trainees, and trained
nurses.

Practitioners should strive to alleviate pain whenever pos-
sible to minimize the complex sequence of events that sets up
an intense nociceptive afferent input, sensitizes peripheral and
central nociceptive neurons, releases inflammatory mediators,
and activates adrenocortical responses. Pain has psychological
aswell as physiologic effects and causes anxiety, fear, and insom-
nia in children. It is not always possible to eliminate all forms
of pain, fear, anxiety, or distress, and no ideal analgesic strate-
gies exist for controlling acute postoperative pain. Optimal pain
management requires striking a balance between analgesia and
adverse effects and risks. Considering these challenges, a multi-

modal analgesia approach is embraced to improve recovery and
resume normal activities of daily living.

Assessment of pain
Aswith adults, considering the subjective nature of pain experi-
ence, directmeasurement of pain is not feasible, and so children
should be permitted to self-report pain by using develop-
mentally appropriate pain assessment scales. Family members
should report their observations regarding the child’s pain, and
special approaches of surrogatemeasures should be used for the
assessment of pain in childrenwith special needs (thosewho are
neurologically impaired and/or noncommunicating). For new-
borns and infants, validated composite measures that combine
physiologic (heart rate, respiratory rate) and behavioral (facial
expression, position) parameters are available for use at the bed-
side to assess pain during procedures and in the postopera-
tive period. Pain assessment remains a challenge in premature
and critically ill infants. Consideration should always be given
to provide analgesia as these infants have adequately mature
nociceptive pathways and the neural substrates to process pain
stimuli at the level of spinal cord and supraspinal nociceptive
centers.

Analgesic strategies
A combination of cognitive–behavioral and various pharma-
cologic strategies is useful for successful control of postoper-
ative pain. It is well-recognized that the extent of tissue damage
does not necessarily correlate with the patient’s report of pain
intensity after surgery as many other factors contribute to the
pain experience, including interindividual variability in anal-
gesic pharmacokinetics, pharmacogenetics, pharmacodynam-
ics, mood state, and trait reaction.

Nonpharmacologic strategies
Cognitive behavioral therapy (CBT) is an effective strategy for
supporting children with developmental maturity (usually 7
years or older) to deal with an acute painful event such as pro-
cedural pain by addressing factors, such as cognition, affect,
and behavior, that may affect the individual child’s pain expe-
rience. The more a person is aware of his or her illness and
what to expect during a painful procedure, the more control



Chapter 132 – Management of Postoperative Pain in Children

Table 132.1. Recommended doses of IV opioids for moderate to severe paina

Opioid Age IV bolus and PRN frequency dose/kg Continuous infusion, microgram/kg/h

Morphine Preterm neonates 4 µg q2h or 8 µg q4h 2–10
Term neonate 15 µg q2h or 30 µg q4h 5–20
>6 mo 50 µg q2h or 100 µg q4h 15–30

Hydromorphone >6 mob 0.015 mg q4–6h No data available
Fentanyl Preterm neonates 0.25–0.5 µg q1–2h 0.5–1

Term neonate 0.5–1 q1–2h 0.5–2
>6 mo 1 µg q1–2h 1–2

Meperidine <6 mo See text Not recommendedc

>6 mo 0.5 mg q2h or 1mg q4h No data available
Adults 0.5–1 mg q2–3h 2.5 mg/h

Methadone Children >1 y 0.5–1.0 mg q4h for 24 h, followed by 0.5 mg q4–6h prnc

a All IV doses should be administered slowly over 10 to 15 minutes, at lower starting doses in infants from 0 to 3 months old. There should be close
monitoring for respiratory depression in infants younger than 6 months.

b Morphine clearance approaches that of adult values between the ages of 6 and 12 months.
c Prolonged elimination half-life; suggests the need for longer observation periods.
PRN, as needed.

that person has; with appropriate knowledge and techniques,
episodes of emotional distress occur less often and are usu-
ally less severe in intensity and duration. Other strategies, such
as acupuncture, acupressure, transcutaneous electrical nerve
stimulation (TENS), distraction, play therapy, and so forth,
are also useful but of limited value in early postoperative pain
control.

Pharmacologic strategies
There is a wide variability in drug response among infants
and children based on age and genetic, environmental, and
disease processes that may influence absorption, distribution,
metabolism, and excretion. The larger extracellular and total
body water and a higher water to adipose ratio lead to a larger
volume of distribution and therefore lower initial plasma con-
centration of drugs. The lower concentration of total plasma
proteins (including albumin and �-1 glycoprotein) increases
the biologically free active fraction of protein-bound drugs. In
neonates, the circulating fetal albumin, which has an affinity to
strong acids, binds to bilirubin and free fatty acids and can dis-
place drugs from albumin-binding sites, leading to a higher free
fraction of biologically active drug (e.g., diazepam).

The bioavailability of extensively metabolized drugs (e.g.,
acetaminophen) administered by the rectal route may be
increased in neonates and infants due to the immaturity of their
hepatic metabolism.

Delayed maturation of phase II drug-metabolizing enzyme
(e.g., glucuronidation of morphine) decreases clearance. The
total body clearance reaches 80% that of adults by 6 months
and 96% of that predicted in adults by 1 year. Similarly, delayed
maturation of phase I drug-metabolizing enzymes, hepatic
cytochrome P-450 isoforms, decreases the clearance of drugs
metabolized by these systems. Both glomerular filtration and
tubular secretion are immature at birth and reach adult capac-
ity at 8 to 12 months.

Opioids
Opioids are commonly used postoperative analgesics in
patients of all ages. If dosed correctly, opioids produce excellent
analgesia with a reasonable margin of safety. Morphine is the
most commonly used opioid in children and has been exten-
sively studied in all ages, including premature infants. Infants
younger than 6 months clear total body morphine at rates up to
80% of the adult value.Morphine-3-glucuronide is the predom-
inant metabolite. Suggested dosing guidelines are presented in
Tables 132.1 and 132.2. Opioids are administered by a variety
of routes: orally, intravenously (IV), rectally, transdermally, or
transmucosally. Several opioids are available in elixir form for
children who are not able or willing to swallow pills. Recently,
the fentanyl patch and oral transmucosal fentanyl citrate (the
fentanyl “lollipop”) have garnered support among physicians
for their usefulness in the treatment of cancer pain; these for-
mulations may also be used for preoperative sedation and post-
operative analgesia.

Table 132.2. Recommended oral opioids for acute pain management

Opioid Age
Dose,
mg/kg

Daily
frequency

Maximum
daily dose,
mg/kg

Tramadol ≥7 y 1–2 q4–6h 8 (maximum
400 mg/d)

Oxycodone >6 mo 0.05–0.15 q4–6h NA∗
Codeine >1 y 0.5–1 q4–6h NA
Morphine <6 mo 0.1 q4h NA

>6 mo 0.2–0.5 q4–6h NA
Morphine ER >6 mo 0.3–0.6 q12h For chronic use
Hydromorphone >6 mo 0.03–0.08 q4–6h NA

∗ Data on dosing schedule is lacking for infants younger than 6 months,
and half-life of elimination varies widely (2.4–14 hours). The dose must be
titrated to a lowest effective dose individually.

NA, not available; ER, extended release.
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Table 132.3. Close clinical and cardiorespiratory monitoring is
mandatory for children at risk for opioid-induced respiratory depression in
conditions including (but not limited to) the following:

Term infants <6 months old or infants <1 years old with history of apnea
and/or bradycardia
Compromised airways
Muscle weakness (e.g., neuromuscular disorders)
Somnolence
Opioid naı̈ve and concurrent use of sedative agents
Significant lung disease (e.g., obstructive, restrictive)
Neurologic impairment
All children receiving epidural morphine and hydromorphone

Patient-controlled analgesia in children
Maintaining steady-state serum concentrations of opioids has
been at the core of postoperative pain relief. In years past,
pain relief consisted mainly of opioids given via ineffective
routes such as by intramuscular injections, with needle sticks
causing anxiety and pain. This mode of opioid administration
caused periods of inadequate pain control between the peaks
of plasma concentrations, leading to the distressing cycle of
sedation, analgesia, and discomfort. Many young patients were
reluctant to report pain because of fear of receiving injections.
Continuous infusions of low-dose opioids have been used and
offer some advantages, particularly in neonates, as these opioids
maintain a nearly constant plasma drug concentration. This
method, unfortunately, does not consider dynamic changes in
analgesic need or variation in drug clearance or effective plasma
concentration. In addition, routine use of opioid infusions
in ventilated premature newborns has become controversial.
Opioid-induced respiratory depression is the most concerning
side effect and should be monitored, particularly in those chil-
dren who have conditions that may predispose to airway and
ventilatory compromise (Table 132.3).

Patient-controlled analgesia (PCA) has been used effectively
in the pediatric population. The theory of PCA is that only
patients know when they are in pain, so they can titrate their
own analgesic requirements (within a window of safety) based
on their fluctuating needs. It has been demonstrated that chil-
dren older than 7 years (as well as some mature children ages 5
and 6) can understand the concept, purpose, and instructions
of PCA use and use it appropriately to derive adequate pain
relief. Patients appear to learn quickly to administermedication
before painful procedures or activities and tend to accept some
degree of incomplete analgesia with minimal adverse effects
rather than achieving no pain.

Controversy exists in the adult and pediatric literature
regarding the use of PCA with a continuous background infu-
sion as it does increase the incidence of brief episodes of
hypoventilation and hypoxia, particularly during night sleep.
Although PCA therapy is used safely in children, respiratory
depression remains a major concern with any IV administra-
tion of opioid. Therefore, all children receiving PCA therapy
should be assessed periodically as outlined in our institutional
monitoring policy (Table 132.4). The prescription of the vari-

Table 132.4. Minimum assessments for patients who receive patient- or
nurse-controlled IV opioidsa

Assessment items Assessment frequency

Pain assessment 4 h
Level of consciousness score 4 h
Respiratory rate and depth 1 h
Heart rate, blood pressure, temperature 4 h
Side effects of analgesia 4 h

a Continuous electronic monitors (electrocardiogram [EKG]–apneamonitor
system and pulse oximetry) are used in children at risk for respiratory com-
promise, infants younger than 6 months, and children receiving epidural
hydrophilic drugs, such as morphine and hydromorphone.

ous doses of opioids and parameter settings depends on institu-
tional policies and type of PCA equipment used. Our regimen
for routine initial postoperative and acute pain management is
outlined in Fig. 132.1.

Nurse-/parent-controlled analgesia
Some pediatric institutions allow nurse-controlled analgesia
(NCA), which can provide a reasonable, effective alternative to
PCA in children younger than 6 years and in those with devel-
opmental or physical disability.This form of drug delivery does
sidestep one of the inherent safety features, that sedated patients
will not trigger the device. Fear of overmedicating patients by
the analgesic provider remains stronger and the repercussions
remain greater than the fear of undermedicating patients in
pain, however. Fear of respiratory depression, addiction, and
lack of confidence in titration to relieve a patient’s pain may
result in persistent reports of inadequate pain management.

Parent-assisted PCA is a useful mode of effective pain con-
trol in children who are incapable of self-administration of
PCA because of age or severity of illness (e.g., cancer patients).
For safety reasons, parents are allowed to administer opioids
via a parent-activated delivery system after demonstrating that
the child is not opioid-naı̈ve and that the parents are well-
informed in assessing the child’s pain and monitoring adverse
effects.

Nonopioid adjuvant agents
Adjuvants such as N-methyl-d-aspartate (NMDA) receptor
antagonists (low-dose IV or subcutaneous ketamine), �-2 ago-
nists (clonidine via oral, IV, transdermal, epidural, intrathe-
cal, or PNB), anticonvulsants (oral gabapentin, pregabalin),
tricyclic antidepressants (e.g., oral amitriptyline), and sodium
channel blockers (e.g., IV lidocaine) are proposed as a compo-
nent of multimodal postoperative pain management to min-
imize sensitization and reduce hyperalgesia and allodynia in
postoperative pain. Adjuvant use is also proposed to diminish
the development of acute neuropathic pain after surgery and
trauma as well as for its opioid-sparing effect. Limited data are
available on improved outcomes with the use of these agents in
children. Several studies in children reported that the addition
of clonidine (1–5µg/kg) to caudal local anesthetic increased the
duration of analgesia by 2 to 3 hours, whereas others showed
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Figure 132.1. Patient-/nurse-controlled IV opioid
orders.

no significant benefit. A recent controlled trial suggests that
caudally administered clonidine is likely absorbed systemically
and acts centrally rather than at the dorsal horn level. Poten-
tial benefits are an opioid-sparing effect and reduction of post-
operative agitation, shivering, and vomiting. Doses ≥ 2 µg/kg
may produce dose-dependent sedation, hypotension, bradycar-
dia, and respiratory depression, particularly in infants younger
than 1 year. Administration of epidural ketamine and midazo-
lam cannot be recommended because of lack of safety data on
neurotoxicity.

There is conflicting evidence on the analgesic effect of IV
ketamine in children.The use of low dose ketamine (most com-
monly 0.25 or 0.5 mg/kg) in pediatric trials of tonsillectomy
is shown to be effective in some and equivocal in others.
The risk of psychomimetic adverse effects of hallucinations

remains a major deterrent to its use. Addition of benzodi-
azepines may minimize this risk but also prolong recovery
time.

Nonsteroidal anti-inflammatory drugs
Nonsteroidal anti-inflammatory drugs (NSAIDs) are effective
analgesics and appealing substitutes for opioids in the manage-
ment of moderate to severe pain because they lack the common
opioid-related side effects of nausea, emesis, pruritus, seda-
tion, and respiratory depression. Their use is limited, however,
by adverse effects, including inhibition of platelet function in
patientswho are at risk for postoperative bleeding, renal impair-
ment, gastric irritation, and inhibition of osteoblast function
that may impede growth of new bone and healing. The low-
est effective dose should be chosen, then used for the shortest
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Table 132.5. Recommended doses of acetaminophen for oral and rectal routesa

Age

Oral
maintenance
dose, mg/kg

Rectal loading
dose, mg/kg

Rectal
maintenance
dose, mg/kg

Maximum daily
dose, mg/kg

Duration,
daysb

28–32 wk postconceptual age 15 mg q12h 20 15 mg q12h 35 2
33–37 wk postconceptual age 20 mg q8h 30 20 mg q12h 60 2
Term to 3 mo 20 mg q8h 30 20 mg q12h 60 2
>3 mo 15 mg q4h 40 20 mg q6h 90 3

a The relative bioavailability of the rectal route is formulation-dependent and decreases with age.
b The proposed dosesmay cause hepatotoxicity in some infants if used for longer than 2 to 3 days or in the event of drug interactions.

possible duration while monitoring effects on gastrointesti-
nal, renal, and hepatic functions. Reports of severe bron-
chospasm have been observed in adults and in adolescents with
severe asthma. Although bleeding after tonsillectomy has been
reported, a Cochrane review showed that NSAIDs were not
associated with an increase in bleeding requiring return to the
operating room for hemostasis.

Ketorolac is an NSAID available in IV form; it reversibly
inhibits cyclooxygenase (COX)1 and 2, limiting prostaglandin
synthesis and thereby decreasing inflammation and the pain
response centrally and peripherally. It can provide excellent
analgesia, is used routinely to manage acute pain, and is avail-
able in IV form. A pharmacokinetic study in children ages 1
to 16 years found that ketorolac disposition is similar to that
reported in adults, and a recent study of pharmacokinetics of
ketorolac in infants and toddlers ages 6 to 18months showed no
accumulation, rapid elimination of ketorolac isomers, and no
clinical or laboratory adverse effects. The recommended dose
in children is 0.5 mg/kg IV every 6 hours with a possible need
for a shorter dosing interval in infants.

The NSAID of first choice is ibuprofen because of its safety
profile. It is available over the counter in a variety of forms (pills,
suspension) as an antipyretic and analgesic.

Acetaminophen
Acetaminophen (paracetamol) is an effective antipyretic and
analgesic that has been used for many decades. It is often used
alone for mild to moderate pain or in combination with opi-
oids for patients with moderate to severe pain, and is the most
commonly used analgesic and antipyretic in the pediatric pop-
ulation, including premature infants. Its popularity burgeoned
after the withdrawal of pediatric aspirin formulations because
of their association with Reye syndrome in the 1980s. It is
thought to have an analgesic effect on NMDA receptors in the
spinal cord.The therapeutic plasma concentration for analgesia
with acetaminophen is unknown, but it is assumed to be sim-
ilar to that of the concentration range required for antipyresis
(10–20 µg/ml). Recent research has shown the existence of an
isoenzyme of COX3 found only in the brain and spinal cord,
which is selectively inhibited by acetaminophen.

Acetaminophen is administered via oral and rectal routes
(Table 132.5); an IV preparation was recently approved in the

United States. Acetaminophen has few contraindications or side
effects in therapeutic doses, but should be used with caution in
children with hepatic disease or in critically ill children, par-
ticularly in the larger loading doses in current use. Neonates
are capable of producing the reactive intermediary by con-
jugating acetaminophen to the sulfate metabolite rather than
the glucuronide metabolite, which causes hepatic damage in
overdose.

Regional anesthesia
The majority of regional anesthesia techniques used in adults
are applied in children and infants. With a refinement in tech-
nique and use of suitably sized equipment, these techniques
can be adapted to the pediatric population. Regional anesthe-
sia techniques are used as an analgesic adjunct to general anes-
thesia or primarily to manage postoperative pain (Table 132.6).
Unlike in adults, in the pediatric population regional techniques
are often performed after the induction of general anesthesia for
safety reasons. Lack of cooperation ofmost children during nee-
dle insertion and use of nerve stimulation requires that they be
anesthetized or heavily sedated. There are no reports or studies

Table 132.6. Indications and types of central blocks and PNBs in children

Type of block Type of surgical indication

Caudal epidural single
injection block

Inguinal herniorrhaphy, penile surgery,
perineal and anorectal surgery,
muscle biopsy, lower extremity
orthopedic surgery

Lumbar-to-thoracic epidural
catheter block

Lower and mid-abdominal surgery,
urologic surgery, renal and bladder
surgery, pelvic and lower extremity
surgery

Thoracic epidural catheter
block

Upper abdominal surgery, thoracotomy,
pectus repair, sternotomy, renal
surgery

Femoral nerve block
(with/without catheter)

Femur fractures and surgery, quadriceps
muscle biopsy, anterior knee surgery
(arthroscopic surgery)

Sciatic nerve block (subgluteal,
distal, popliteal nerves)
supplemented with sensory
femoral nerve block

Foot surgery
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Table 132.7. Caudal epidural anesthesia/analgesia in infants

Prerequisites Skills and experience in performing adult epidural techniques
Indications Surgical procedures below T10
Benefits when combined with general

anesthesia
Reduces neuroendocrine responses, amount of inhaled anesthetics requirement, perioperative opioids, and

postoperative vomiting
Position Lateral decubitus and hips and knees flexed
Entry site Sacral hiatus is identified as a slit cephalad to coccyx tip and flanked by sacral cornua. In newborn, the dural

sac ends at S4 and spinal cord at L3, and both recede to S2 and L1, respectively, by age 1 y
Needle 22- or 20-gauge blunt stylet needle inserted at 60◦ and directed cephalad to sacral surface
End point “Give” as the needle pierces the sacrococcygeal ligament and enters the epidural space; further

advancement of the needle at 60◦ results in contact with anterior table of sacral bone; cephalad
advancement of the needle is unnecessary once the sacral epidural space is entered; to avoid
complications such as dural puncture and intravascular and marrow entry can be avoided

Test dose: lidocaine 1% or 1.5% with
epinephrine 1:200,000

0.1 ml/kg maximum 3 ml; positive test dose in anesthetized child = HR increase of 10 bpm or change of 25%
in T-wave amplitude

Local anesthetics: bupivacaine 0.25% or
ropivacaine 0.2%

Administer fractionated dose with repeated aspiration for blood and CSF detection; duration of analgesia
4–6 h; significant postoperative motor block if administered at the end of surgery

Bupivacaine 0.125% Minimal motor block particularly when administered at end of the surgery; may be inadequate for longer
procedures

Dose 0.7 ml/kg (0.06 ml/spinal segment/kg) for children younger than 8 y and < 20 kg
Complications (many of these may occur with

use of sharp or overly long needles, or
cephalad advancement after the epidural
space is entered)

Subcutaneous injection; bloody tap; inadvertent intravascular injection; intraosseous injection; hematoma
(the sacral canal is wide and neurologic consequence from hematoma is less of an issue than other
epidural sites); dural puncture; total spinal; local and epidural infection (with lack of adequate sterile
precautions); some believe that use of hollow needles can result in implanting devascularized skin with
microorganisms into the epidural space; rectal perforation and pelvic entry with forceful advancement
through the soft anterior table of the sacrum which could be mistaken for sacral ligament “give”

HR, heart rate; CSF, cerebrospinal fluid.

to suggest that heavy sedation or general anesthesia increases
the risk of neurologic complications or local anesthetic toxicity
in children. Therefore, practice of regional anesthesia in anes-
thetized patients is universally accepted in this population with
appropriate attention to technique.

Both peripheral and neuraxial (central) regional anesthetic
(RA) techniques have an important and evolving place in the
practice of pain management in infants and children. RA may
afford many of the same advantages for pediatric patients as it
does for adult patients, but there are few controlled clinical tri-
als evaluating the its advantages and adverse effects in children

compared to conventional analgesic strategies.The safe and suc-
cessful performance of central and peripheral neural blockade
techniques in infants and toddlers demands specific knowl-
edge of anatomic, pharmacologic, and psychological domains
of development (Tables 132.7 and 132.8). A thorough knowl-
edge of the developmental differences and sufficient prior skills
in practice of regional neural blockade in adults greatly enhance
the safe and successful application of these techniques in the
pediatric population. Hepatic degradation of amide-type local
anesthetics involves aromatic hydroxylation, N-dealkylation,
and amide hydrolysis. Hepatic clearance is slower in newborn

Table 132.8. Pediatric lumbar and thoracic epidural anesthesia technique

Epidural access most easily achieved Midline via intervertebral space to avoid injury to venous plexus and nerve roots
Needles: Tuohy (lumbar) and Crawford

(thoracic)
18- or 20-gauge

Needle angle 15◦–20◦ to median plan to avoid dural puncture and to freely thread the catheter cephalad through the
widest part of the epidural space

LOR to saline LOR to air can produce air embolism and potential for serious hemodynamic and neurologic changes if
inadvertently injected into a vein

Catheter (20- or 22-gauge) advancement 2–3 cm if epidural space is accessed at the target spinal segments; threading the catheter at a greater length
is unpredictable; it may coil, exit intervertebral foramina, and enter a blood vessel, subarachnoid,
paravertebral, or pleural space

Aspiration test May not be reliable in infants and young children due to low IV pressure; expect slow reflux of blood or CSF
by gravity and aspiration may collapse the vein

Test dose: lidocaine 1% or 1.5% with
epinephrine 1:200,000

0.1 ml/kg, maximum 3 ml; positive test dose in anesthetized child = HR increase of 10 bpm or change of
25% in T-wave amplitude

Epidural infusion rates; volume per spinal
segment of anesthesia/analgesia for
children ≤ 8 ya

Lumbar and lower thoracic (T10–S1): 0.06 ml/kg; mid-thoracic (T6–T9): 0.03 ml/kg; upper thoracic (T1–T5):
0.02 ml/kg

LOR, loss of resistance; CSF, cerebrospinal fluid; HR, heart rate.
a The proposed dosing should be calculated for ideal body weight. The infusion rates are average starting doses that may require adjustment based on an
individual child’s response and proper placement of the epidural catheter within the spinal segments innervating the surgical zone.
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Table 132.9. Representative epidural amide and ester local anesthetic doses in children

Local anesthetics Age in reference studies
Maximum single
injection, mg/kg

Maximum continuous
infusion rate, mg/kg/h

Bupivacaine Premature–term neonatea 1.5 0.15–0.2
Levobupivacaine 1–3 mo 2 0.25
Ropivacaine 3–6 mo 2.5 0.3

Children 2.5 0.4
2-Chloroprocaine 1.5% Preterm and term neonates

(via lumbar route)
15 7.5–12

Preterm and term neonates
(via thoracic route)

7.5 3–6

a Limited data are available on use of local anesthetics for premature infants, thus smaller dose regimen is advised
in preterm infants and in those with impaired hepatic metabolism.

infants and approaches adult functional capacity by 3 to 6
months of life. Bupivacaine and lidocaine, the most commonly
used amide local anesthetics, have prolonged elimination half-
lives in infants younger than 6 months; repeated doses or con-
tinuous infusions of local anesthetics should be administered at
lower dose ranges (Table 132.9).

RA (skin infiltration, epidural, PNBs) is commonly used in
daily clinical practice as an adjunct to general anesthesia and for
management of postoperative pain. Potential benefits include
a reduction in the requirements for both volatile anesthetics
and opioids both intra- and postoperatively, thereby minimiz-
ing adverse effects such as nausea, vomiting, pruritus, ileus, and
urinary retention.

Peripheral nerve block
In the past decade, the application of PNB has increased in
pediatric anesthesia practice. The advent of ultrasound-guided
PNB has improved the success rate, quality of block, and ease
of placement of continuous perineural catheters. In addition, it
has facilitated the performance of PNB,whichwas until recently
performed only in adults and only as infraclavicular, brachial
plexus, popliteal, and rectus sheath nerve blocks. PNB may
be associated with a lower incidence of neurologic and sys-
temic toxicity compared to neuraxial blocks when performed
under general anesthesia. Preliminary safety studies of contin-
uous PNB via an indwelling catheter in both the inpatient and
outpatient settings show encouraging results.

Local infiltration
Local anesthetic infiltration of the skin and subcutaneous tissue,
or field blocks, are technically easy,minimally time-consuming,
highly effective, and safe. Local infiltration or field blocks can
be used to prevent incisional pain and for suturing lacerations.
These techniques produce a low plasma blood concentration of
local anesthetics and minimal motor block, demand no spe-
cial equipment, require minimal postoperative care, and yet
are quite underused in daily practice. Both ester and amide
local anesthetics are used for local infiltration with longer dura-
tion of action with bupivacaine and ropivacaine. Addition of

epinephrine improves hemostasis and prolongs duration of
analgesia but should be avoided at end artery sites, such as the
nose, fingers, and penile shaft.

Neuraxial analgesia
Caudal blocksmay be used in pediatric anesthesia as an adjunct
to general anesthesia and to provide postoperative analgesia for
commonpediatric surgical cases below the umbilicus. Anatomy
and landmarks are shown in Figs. 132.2 and 132.3, and the tech-
nique is summarized in Table 132.7.

Continuous lumbar or thoracic epidural infusion may be
used as an adjunct to general anesthesia (balanced anesthe-
sia) to effectively control severe pain with medical diseases and
extensive surgery and trauma, avoid the need for systemic opi-
oids, allow early tracheal extubation, and for continuation of
the infusion for management of postoperative pain. Such a
combination technique is appealing where postoperative inten-
sive care support is scarce. Epidural analgesia is particularly
useful in children undergoing upper abdominal and thoracic
procedures and in those children with chronic restrictive and
obstructive chest wall and lung disease, such as neuromuscu-
lar disorders, cerebral palsy, and encephalomyopathies. It can
prevent a serious decline in pulmonary function after upper

Figure 132.2. Anatomy of the caudal space.
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Figure 132.3. Caudal block.

abdominal and thoracic surgery by rapid restoration of func-
tional residual capacity (FRC) to normal values, and it decreases
the duration of ileus after upper abdominal surgery. The inci-
dence of common side effects of opioids, such as nausea, vom-
iting, and pruritus, can be significantly diminished by using
local anesthetic with an adjuvant such as clonidine, reducing or
eliminating the dose of opioid. Common postoperative epidu-
ral infusions use dilute bupivacaine (0.1%–0.0625%) with opi-
oid (fentanyl or hydromorphone) or clonidine. Target hourly
opioid doses by the epidural route are fentanyl at 0.5 µg/kg/h or
hydromorphone at 1 to 2 µg/kg/h. Hemodynamic side effects
(hypotension and bradycardia) are rare in younger children.

Considering the higher failure rate with both the advance-
ment of caudal-to-thoracic and lumbar-to-thoracic catheters
(7%–83%), several approaches are proposed to improve the
reliability and safety of epidural catheter placement in infants
and children. Radiographic guidance (fluoroscopy and/or
epidurography), electrical motor nerve stimulation guidance,
or ultrasound techniques have been recommended. In infants
undergoing thoracotomy, an epidural catheter may be placed
directly into the thoracic epidural space or the extrapleural par-
avertebral space prior to closure.

Complications
As with adults, complications associated with RA in children
and infants are rare. A large prospective trial involving 24,409
infants, children, and adolescents reported an overall compli-
cation rate of 9 per 10,000. These complications were generally
minor and temporary, with no residual morbidity and no mor-
tality, but did include a few cases of inadvertent intravascular
injection and of total spinal blockade. More than half of these
complications were avoidable by the use of proper equipment
and techniques (e.g., oversized needle, avoidance of excessive
threading of epidural catheters) and appropriate doses of local
anesthetics and epidural opioids.

Conclusion
In summary, proactive prevention and control of pain before
it is established by surgical and medical procedures can offer
both short- and long-term benefits. Pain that is established and
severe is difficult to control. Although it may not be realistic to
entirely abolish procedural and disease-related nociception and
pain, various safe and effective analgesic strategies are available
to reduce pain to a magnitude that is tolerable and least disrup-
tive to the resumption of normal functioning.
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Chapter

133 Neonatal resuscitation: clinical and
practical considerations
Denise M. Chan, Thomas J. Mancuso, and McCallum R. Hoyt

Introduction
There are more than 4 million babies born in the United States
each year. Approximately 10% of them will need some assis-
tance with ventilation at birth, and approximately 1% will need
extensive resuscitation. Birth asphyxia accounts for nearly 1
million deaths each year worldwide. As a vital member of the
labor and delivery team, the anesthesiologist should be skilled
in the techniques of neonatal resuscitation. Although our pri-
mary focus is the care of the mother, we may be called on to
care for the newborn as well.

Initial assessment
Evaluation of the newborn should begin as soon as the baby is
handed over, andwhat to donext is determined by the condition
of the child as well as knowledge of predisposing conditions.
The fundamental ABCs (Airway, Breathing, and Circulation)
underlie the initial steps and are the core of determining ongo-
ing efforts.

Assessment begins with answering the following questions:
� Is the oropharynx clear of meconium?
� Is the baby breathing or crying?
� Is there good muscle tone?
� Does the baby have good color?
� Is the baby full term?

If the answer is yes to all of these questions, routine care can
proceedwith warming and drying the baby and clearing the air-
way as needed. If the answer is no, give additional stimulation
while warming and drying, and position and clear the airway
while providing supplemental oxygen. See Table 133.1 for a list
of recommended supplies and equipment for neonatal resusci-
tation. Prevention of heat loss is important, as cold stress can
increase oxygen consumption. Hyperthermia, however, is asso-
ciated with perinatal respiratory depression.

Although evaluation begins prior to assigning the 1-minute
Apgar score (Table 133.2), this score can be helpful in determin-
ing whether interventional steps need to be initiated or main-
tained. The Apgar score is conventionally performed at 1 and
5 minutes after birth. If the 5-minute score is less than 7, ongo-
ing evaluation and the assignment of scores continue every
5 minutes, up to 20 minutes. There are no consistent data on
the significance of the Apgar score in preterm infants.

The need for resuscitation can often be predicted prior to
delivery, as certain risk factors increase the likelihood of diffi-
culties at birth (Table 133.3).

Airway, breathing, circulation
Although the current recommendation is to use 100% oxygen
in the resuscitation of the newborn, recent studies have sug-
gested that thismay be of no benefit, and perhaps even harmful,
when compared to resuscitation with room air. In a Cochrane
Database meta-analysis of five studies comparing resuscitation
with room air versus 100% oxygen, four of the studies showed a
significant reduction in the rate of death in the room air group,
whereas one study showed no significant differences in rates
of adverse neurodevelopmental outcomes at 18- to 24-month
follow-up. If resuscitation is performed with room air, supple-
mental oxygen should be readily available, especially if central
cyanosis is present. Additionally, the fraction of inspired oxy-
gen content (FiO2) that is delivered should be determined by the
neonatal saturation of peripheral oxygen (SpO2), which should
read in the low 90s. The FiO2 should be increased only as nec-
essary to reach this goal, noting that 100% saturation is not the
goal.

If meconium is present (as is seen in approximately 12% of
deliveries), but the infant is vigorous (i.e., strong respiratory
effort and good muscle tone), suctioning may not be neces-
sary beyond the usual need to clear the oropharynx and nose.
If meconium is present at delivery and the baby is not vigorous,
the trachea should be intubated and suctioned via the endotra-
cheal tube (ETT) as the ETT is withdrawn. Ideally this process
is performed only once, as trauma to the trachea from repeated
suctioning and hypoxemiamay occur. In addition, caremust be
taken not to suction too vigorously as pharyngeal stimulation
may cause a vagal reflex resulting in severe bradycardia and/or
apnea.

Evaluate the newborn for respiration, heart rate, and color
within 30 seconds of birth. If the baby is apneic or has a heart
rate of � 100 bpm, give positive-pressure ventilation (PPV)
at 40 to 60 breaths per minute for 30 seconds. Peak inspira-
tory pressures of 30 to 40 cm H2O are often needed for initial
expansion because of fluid-filled lungs, but subsequent breaths
for healthy lungs require only 15 to 20 cm H2O. Endotra-
cheal intubation may be considered at any point; for example,
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Table 133.1. Neonatal resuscitation supplies and equipment

Suction equipment
Bulb syringe
Wall suction and tubing
Suction catheters, 5F or 6F, 8F, and 10F or 12F
8F feeding tube and 20-ml syringe
Meconium aspiration device

Bag-and-mask equipment
Neonatal resuscitation bag with a pressure-release valve or pressure
manometer (the bag must be capable of delivering 90%–100%
oxygen)

Face masks, newborn and premature sizes (masks with cushioned rim
preferred)

Oxygen with flowmeter (flow rate up to 10 L/min) and tubing (including
portable oxygen cylinders)

Intubation equipment
Laryngoscope with straight blades, No. 0 (preterm) and No. 1 (term)
Extra bulbs and batteries for laryngoscope
Tracheal tubes 2.5, 3.0, 3.5, and 4.0 mm ID
Stylet
Scissors
Tape or securing device for tracheal tube
Alcohol sponges
CO2 detector
Laryngeal mask airway (optional)

Medications
Epinephrine 1:10,000 (0.1 mg/ml) – 3-ml or 10-ml ampules
Isotonic crystalloid (normal saline or Ringer’s lactate) for volume
expansion – 100 or 250 ml

Sodium bicarbonate 4.2% (5 mEq/10 ml) – 10-ml ampules
Naloxone hydrochloride 0.4 mg/ml – 1-ml ampules; or 1.0 mg/ml – 2-ml
ampules

Normal saline, 30 ml
Dextrose 10%, 250 ml
Normal saline “fish” or “bullet” (optional)
Feeding tube, 5F (optional)
Umbilical vessel catheterization kit or supplies
Sterile gloves
Scalpel or scissors
Povidone–iodine solution
Umbilical tape
Umbilical catheters, 3.5F, 5F
Three-way stopcock
Syringes, 1, 3, 5, 10, 20, and 50 ml
Needles, 25-, 21-, and 18-gauge or puncture device for needleless system

Miscellaneous
Gloves and appropriate personal protection
Radiant warmer or other heat source
Firm, padded resuscitation surface
Clock (timer optional)
Warmed linens
Stethoscope
Tape, 1/2 or 3/4 inch
Cardiac monitor and electrodes and/or pulse oximeter with probe
(optional for delivery room)

Oropharyngeal airways

ID, internal diameter.

low-birth-weight infants may be difficult to mask ventilate and
may need to be intubated early. A colorimetric carbon dioxide
(CO2) detector should be used to ensure proper ETTplacement:
Remember that there may be no color change in the detector if
the baby’s cardiac output is low.

Although still controversial, a laryngealmask airwaymay be
considered if bag-mask ventilation or endotracheal intubation
is unsuccessful. In addition, ventilation may be inadequate for

Table 133.2. Apgar score

Physical
examination 0 1 2

Heart rate None <100/minute 100/minute
Respiratory
effort

Apnea Irregular, slow Crying, good effort

Muscle tone Limp Flexed extremities Actively moving
Irritability No response Facial grimace Cough, cry
Color Blue or pale Peripheral cyanosis All pink

other reasons despite endotracheal intubation, such asmechan-
ical blockage of the airway (e.g., choanal atresia, meconium, or
mucus plug) or impaired lung function (pneumothorax, pleu-
ral effusion, pneumonia, congenital diaphragmatic hernia, pul-
monary hypoplasia, or extreme prematurity).

If the heart rate is � 60 bpm, chest compressions should be
started at 90 compressions per minute. Ventilation and chest
compressions (see Fig. 133.1) should be synchronized at a 3:1
ratio (i.e., 30 breaths and 90 compressions per minute, per-
formed simultaneously).

Medications and fluids
If, after 30 seconds of chest compressions, the heart rate is still
less than 60 bpm, epinephrine may be given via either the ETT
or the umbilical vein while compressions and ventilations con-
tinue (Table 133.5). Fewer than 0.2% of newborns will need
epinephrine during resuscitation, and care must be taken when
giving it, as the subsequent hypertension and increased cerebral

Table 133.3. Risk factors associated with birth of a depressed newborn

Antepartum factors
Maternal diabetes Significant maternal cardiac, renal,

pulmonary disease
Maternal hypertension (chronic or
pregnancy-induced)

Polyhydramnios

Maternal infection Oligohydramnios
Fetal anemia Multiple gestation
Fetal hydrops Post-term gestation
Fetal anomalies Premature or preterm rupture of

membranes
Decreased fetal activity Maternal substance abuse
Second- or third-trimester
bleeding

No prenatal care
Maternal age < 16 or > 35 years

Intrapartum factors
Chorioamnionitis Placenta previa
Nonreassuring fetal heart rate
tracing

Placental abruption

Emergent caesarian delivery Uterine hyperstimulation
Use of general anesthesia Prolapsed cord
Forceps or vacuum-assisted
delivery

Breech or other abnormal
presentation

Premature labor Meconium-stained amniotic fluid
Precipitous labor Significant intrapartum bleeding
Prolonged rupture of membranes Opioids administered to mother

within 4 h of delivery
Macrosomia
Prolonged labor
Prolonged second stage of labor
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Figure 133.1. Chest compressions in the neonate. The preferred manner for chest compressions is the thumb-over-thumb technique with the fingers wrapped
about the thorax for further support. This is preferred because it is considered to be more stable. The other acceptable technique is the two-finger technique
with the other hand beneath the chest for further support. It is more useful for smaller hands and when an umbilical catheter is being placed.

blood flow may be associated with intracranial bleeding, espe-
cially in the fragile region of the germinal matrix.

Chest compressions should continue until the heart rate is
�60 bpm; PPV should continue until the heart rate is �100
bpm and the baby is breathing. After 3 to 5 minutes, the dose
of epinephrine may be repeated.

If the baby is not responding to resuscitation, consider
that the neonate may be hypovolemic. Isotonic crystalloid
or O-negative blood cross-matched with the mother’s blood
(10ml/kg) should be given intravenously (IV) over 5 to 10min-
utes. Albumin is no longer the fluid of choice for initial volume
expansion and should not be considered. If hypovolemic shock
is indeed the diagnosis, the neonate should respond quickly.

Sodium bicarbonate (2 mEq/kg) is sometimes given IV to
correct metabolic acidosis, although no clear reduction of mor-
bidity or mortality has been shown. This medication must be
given slowly to reduce the risk of developing an intraventricular
hemorrhage. It is also recommended that it not be given with-
out an ETT in place. Refer to Table 133.4 for normal umbilical
venous and arterial blood values.

Naloxone (0.1mg/kg IV)may be given for severe respiratory
depression if there is documented administration of an opioid
to the mother within the past 4 hours. If the baby’s mother is
a chronic opioid user, however, naloxone should not be given
because it may cause the baby to go into opioid withdrawal.

If ongoing resuscitative efforts have not resulted in clini-
cal improvement, there are several unusual clinical problems

Table 133.4. Umbilical venous and arterial blood gas values

pH PO2 PCO2 Saturation (%)

Umbilical vein 7.30–7.35 30 40 70
Umbilical artery 7.24–7.29 20 50 28

that should be considered. Pneumothorax may have occurred
at some point during delivery and resuscitation. Hypoglycemia
can be ruled out by checking the glucose level. Congenital
diaphragmatic hernia can present with unequal breath sounds
in the setting of unsuccessful resuscitation. If the infant has
severe undiagnosed central nervous system (CNS) anomalies,
resuscitation may not succeed.

After resuscitation
After a baby has been successfully resuscitated, ongoing care
and monitoring should be provided to assess for complications
as noted in Table 133.6. For instance, if meconium was present
in the amniotic fluid, the newborn is at risk for development
of meconium aspiration syndrome with respiratory distress,
hypoxemia, hypercarbia, and pulmonary artery hypertension.
In addition, complications may occur as a direct result of resus-
citation efforts, such as a pneumothorax from broken ribs or a
ruptured liver or spleen from improperly performed chest com-
pressions.

Discontinuing resuscitation efforts is a difficult decision that
involves all members of the team, including parents, physicians,

Table 133.5. Medications for newborn resuscitation

Medication Dose Notes

Epinephrine IV 0.01–0.03 mg/kg Can repeat q5min
Epinephrine ETT Up to 0.1 mg/kg Give with PPV
IV fluid 10–20 ml/kg NS, LR, or blood
Naloxone 0.1 mg/kg IV or IM Give in the setting of acute

maternal opioid use after other
considerations are eliminated

NaHCO3 2 mEq/kg IV Give slowly

NS, normal saline; LR, lactated Ringer’s; IM, intramuscularly.
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Table 133.6. Potential complications in newborns

Pulmonary hypertension
Respiratory distress syndrome
Pneumonia
Hypotension
Acute tubular necrosis
Electrolyte imbalances
Syndrome of inappropriate antidiuretic hormone secretion
Feeding problems
Seizures
Necrotizing enterocolitis
Intracranial hemorrhage
Hypothermia
Hypoglycemia

and social workers. Some infants will not be able to be resusci-
tated. After 10minutes of asystole, the chance of survival is slim,
and, in those who survive, the incidence of severe disability is
almost universal.

An intimate knowledge of the techniques of neonatal resus-
citation is essential for the practicing anesthesiologist. Prepara-
tion, organization, and communication among team members
will facilitate the best outcome for the baby.
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134 Introduction to ambulatory anesthesia
McCallum R. Hoyt and Naila Moghul

Over the past three decades, anesthesia techniques and strate-
gies for ambulatory surgery have grown considerably. Free-
standing surgery centers have become common, and in some
hospitals as many as 80% of all surgeries performed are on an
ambulatory basis.

From a cost-based perspective, ambulatory centers are
designed to offer improved case efficiency, better use of lim-
ited resources, and less expensive care. Choice of anesthetic
technique and perioperative management play an important
role in how the center functions, as do procedures and person-
nel appropriate to the center’s marketplace strategy, available
equipment, and facility design. Rapid induction and emergence
as well as a thorough knowledge of anesthetic techniques to
minimize common postoperative complications, such as post-
operative nausea and vomiting (PONV), require a thorough
understanding of the pharmacology and principles behind the
choices made.

As the specialty has refined itself, cases of increasing com-
plexity as well as patients with more significant medical issues
are being considered for ambulatory settings. Precisely which
cases are appropriate as well as what disqualifies a patient for
procedures in an ambulatory setting remain to be fully defined,
but the expectation is that the trend toward greater complexity
will continue.

Patient selection
An ambulatory procedure can occur in either a free-standing
center or as part of a hospital-based service. To categorize
the procedures that match the facility resources and person-
nel expertise, some free-standing centers develop guidelines on
appropriate procedures but also describe the suitable patient
population that willmatch the abilities of the center’s personnel.
Guidelines may only propose which patients may be appropri-
ate to the center, and, as the range and complexity of ambulatory
surgical cases have increased over the years, so has the complex-
ity of the patients being managed in such settings. As a result,
appropriate patient selection remains an evolving concept.

The basic principles for preoperative patient evaluation are
the same for ambulatory patients as they are for inpatients.
Healthy patients or those withminormedical issues do not nec-
essarily need to go through an on-site preoperative evaluation.
They can fill out a form, partake in a phone screen, or fill out

an online form that is reviewed by someone from the preopera-
tive clinic. For patients with more significant health issues that
require active medical management, an evaluation at a preop-
erative clinic is usually recommended. This evaluation should
be done several days in advance of the planned surgery as it
often takes time to obtain records, review tests, or performmore
assessment. It is also practical to discuss the probable anes-
thetic choices and initiate the informed consent process dur-
ing this initial meeting so that patients have time to consider
any questions they may have for the anesthesia provider on the
day of surgery. Additionally, patients should be informed of the
requirement that they will not be allowed to drive themselves
home after surgery but will need to arrange for a responsible
adult to take them home. Patients should understand that not
having adequate arrangements before their surgery will likely
disqualify them for ambulatory status, resulting in their surgery
being rescheduled or plans made for an overnight stay.

Special considerations
There are some medical conditions or patient populations that
raise questions as to their appropriate selection or require fore-
thought unique to the ambulatory setting. These conditions
and populations will be mentioned here. Although ambulatory
centers may choose to include or exclude pediatric or preg-
nant patients, there is nothing about these populations that
contraindicate their inclusion as ambulatory cases. Their basic
management principles are discussed elsewhere.

Patients with significant comorbidities
No single factor determines whether a patient with signifi-
cant health comorbidities requiring active medical manage-
ment can be appropriately chosen for an ambulatory procedure
in a free-standing center. Hospital-based centers may be better
equipped bothwith personnel and facility resources to deal with
the potential complications such a patient brings, making an
unplanned inpatient admission far easier to address and man-
age. Regardless, cases should be decided within the context of
facility and personnel capabilities. For instance, a stable Amer-
ican Society of Anesthesiologists (ASA) IV patient may have a
cataract operation carried out safely in a free-standing ambula-
tory setting, yet amorbidly obese asthmatic for liposuctionmay
not be appropriate for the same facility.
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Elderly patients
There are no published guidelines on age limits for elderly
patients, but rather each patient should be selected based on
his or her medical status and the proposed procedure. Studies
have not confirmed that advanced age alone is a risk factor, and
elderly patients are scheduled for a broad range of procedures
at most ambulatory centers. Although one study identified an
age greater than 85 years as a predictor for hospital admis-
sion in the immediate postoperative period, pre-existing co-
morbidities and surgical length may have contributed to their
results. Other studies have not confirmed this finding.

Morbid obesity
The percentage of patients who meet the body mass index
(BMI) definition of morbid obesity is increasing at a rapid pace.
Many of these patients have a comorbid history of cardiovascu-
lar, endocrine, pulmonary, or gastrointestinal disease. Difficulty
with intravenous and airway access should be anticipated, and,
when combined with the logistical considerations of proper
equipment for higher BMIs, such patients may not be suitable
for that facility. Although there is no evidence that adverse peri-
operative events leading to unplanned admissions are more fre-
quent for patients with BMI greater than a particular number,
centers may choose to set a limit above which patients are con-
sidered unsuitable candidates.

Obstructive sleep apnea syndrome
Obstructive sleep apnea (OSA) is estimated to be present in 2%
of women and 4% of men, and is expected to increase sever-
alfold over the next decade. Although OSA is almost always
a consideration in the morbidly obese population, it can be
present in persons with a normal body habitus, regardless of
gender. Intraoperative airway management as well as postop-
erative somnolence, desaturation, hypertension, and dysrhyth-
mias are more common complications encountered in this
population.Although the literature acknowledges these compli-
cations, it does not exclude this population from the ambulatory
setting. Current management strategies recommend matching
the patient to the procedure, and suggest the use of neuraxial
techniques, judicious use of opioids, both neuraxial and sys-
temic, to avoid the potential respiratory depressant effects, and
use of local field blocks and nonopioid analgesics for postop-
erative pain management. These patients should be placed in
a nonsupine position while in recovery and discharge delayed
until advancement into a nonmonitored environment is safe.

Respiratory disease
Patients with preexisting but well-controlled reactive airway
disease are at low risk for postoperative respiratory complica-
tions and can routinely bemanaged atmost ambulatory surgery
centers. The risk for adverse postoperative events is higher if
there are active symptoms and signs of bronchospasm preop-

eratively. If bronchospasm is present, any elective procedure
should be rescheduled until it is adequately managed.

Cardiovascular disease
Patients with stable, preexisting cardiovascular disease rou-
tinely have procedures done at ambulatory centers. The lit-
erature does not suggest that well-managed patients are at
increased risk. The patient’s cardiac medication should be con-
tinued throughout the perioperative period, and there is no
evidence that prolonged cardiac monitoring is required or ben-
eficial. For laparoscopic procedures, there should be a clear
understanding of the effects on the cardiovascular system, but
these changes are resolved within an hour of the recovery
period. Obviously, patients with unstable cardiovascular status
or a history of a recent myocardial infarct are not considered
suitable candidates.

Anesthetic options
Any anesthetic techniquemay be considered for the ambulatory
patient as long as it is appropriate for the procedure and adheres
to the goals of a rapid recovery.

General anesthesia
In selecting whether to use inhalational agents or avoid them
by using a total intravenous anesthetic (TIVA), several concerns
that apply to the ambulatory patient should be considered. As
the pharmacologic properties of the medications discussed are
covered elsewhere, only clinical considerations will be covered
here.

Inhalation agents
The newer volatile agents of desflurane and sevoflurane work
well for the ambulatory patient as the drug profiles show a
fast onset and recovery with few side effects. Indeed, recovery
indices are achievedmore quicklywhen comparedwith popular
TIVA agents, such as propofol. Randomized, controlled trials
(RCTs), however, show that the use of volatile agents provides
a risk factor for PONV, which may delay discharge of patients
at risk despite the use of appropriate antiemetics. Nitrous oxide
is also a popular adjunct to the inhalational technique, but sys-
tematic reviews also suggest that it may predispose the patient
to PONV, if used.

A common practice is to try to achieve the benefits of
one drug or method by combining techniques or switching
volatiles; for example, using an isoflurane-based technique and
then switching to desflurane to achieve the faster recovery pro-
file it provides. This only serves to expose the patient to two
agents unnecessarily as the observed recovery profile is that of
an isoflurane-only technique.The samemisconception is at play
when propofol is used at the beginning and end of an anes-
thetic that uses a volatile in between – the so-called “propofol
sandwich.” The goal is to achieve the antiemetic effects of the
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propofol; however, the recovery profile more closely resembles
that of the volatile agent.

Total intravenous anesthetics
Propofol provides the cornerstone for this technique, and opi-
oids such as sufentanil or remifentanil are often added (see
Chapter 49). By itself, propofol can provide antiemetic effects,
but its recovery profile can be more prolonged when compared
with profiles of the newer volatiles. Should an opioid be added,
the risk of PONV increases and may delay discharge. Initial
profiles suggest that opioid use in this manner may not be well-
suited to the ambulatory patient; further research will be neces-
sary to make that determination.

Neuraxial and regional anesthesia, field blocks,
and pain management
One of the most common reasons for an unplanned hospital
admission after ambulatory surgery is intractable pain. The use
of neuraxial anesthesia (i.e., spinal, epidural, or a combined
spinal epidural) in the ambulatory setting is somewhat con-
troversial as it may delay discharge as the block recedes, but
that does not mean that its use is not an appropriate choice if
the patient and/or procedure are correctly selected. Regional
blocks, as are used for surgery on the peripheral limbs, can cor-
relate with a timely discharge and good pain management well
into the postoperative period. Increasingly, continuous nerve
blocks are being used to provide analgesia beyond the first 24
hours. Ambulatory patients receiving these techniques are often
alert, comfortable, and discharged in a timely manner. A field
block, which is the infiltration of local anesthetics along the
incision by the surgeon, can also be an effective way to man-
age pain. Whether it is best to have the surgeon employ a field
block before the incision, at the time of the closure, or both is
unclear.

Whether some form of block is used or not, successful pain
management is generally of a multimodal nature. Although the
use of intraoperative opioids may be necessary, continuation
of those same medications should not be the sole source of
pain management. Intraoperative, but particularly postopera-
tive, opioid use has been associated with PONV and is a spe-
cific risk factor. Attempts to reduce the use of opioids or avoid
them altogether in the postoperative period can be achieved
through the use of a multimodal analgesic approach. Medica-
tions, such as nonsteroidal anti-inflammatory drugs (NSAIDs)
and cyclooxygenase (COX)-2 inhibitors (a subset of NSAIDs),
are reasonable choices, as is acetaminophen. An N-methyl-d-
aspartate (NMDA) antagonist such as ketamine may also be
a reasonable choice when used judiciously. The goal is to pro-
vide effective analgesic management that is comprehensive, of
adequate duration, and with minimal side effects. Additionally,
preemptive pain management with opioids has not been shown
to reduce postoperative pain requirements. The preemptive
use of nonopioid medications, such as the NSAIDs, has been

shown, however, to significantly reduce postoperative analgesic
needs.

Discharge criteria
Established algorithms and predetermined protocols are fre-
quently used during the recovery of patients in the postoper-
ative unit. The nursing staff use these criteria to ensure that
the patients are stable and ready for discharge. It is also their
responsibility tomake sure that the patients understand the dis-
charge orders and have adequate transport and coverage for
the required period. As outlined below, there are three distinct
phases of recovery from anesthesia and surgery that apply to
ambulatory patients.

Phase I
This phase immediately follows the removal of the patient from
the operating area. Initial monitoring is intensive with one-to-
one or two-to-one nursing coverage, and the patient is watched
for maintenance of his or her own airway, stabilization of vital
signs, and a return to baseline alertness. Blood pressure and
oxygenation saturation are monitored as is the electrocardio-
gram (ECG). After the patient is considered to be stable and has
met the defined criteria, he or she is moved to the second phase
of recovery.

Phase II
When the patient is considered hemodynamically stable and
alert and does not require the previous monitors, he or she
advances to the second phase of recovery. Family members can
now be present and often are in the ambulatory setting. Ambu-
lation is monitored, voiding is encouraged, and, although liq-
uids and solids may be offered, for ambulatory patients it is
often prudent to not encourage intake because of the issues of
PONV and travel. Analgesia should be achieved with nonopi-
oid medications and ideally with over-the-counter analgesics.
It is from this phase that the patient is discharged home, and
patients must be discharged into the care of a responsible adult.

Fast-tracking
Fast-tracking is the term used for patients who are awake
enough to bypass phase I recovery. Any variety of procedures
may qualify a patient for this if he or she has had minimal
anesthesia or any of a range of anesthetic techniques. Although
the layout of the ambulatory recovery facility as well as nurs-
ing resources may impact the availability of such a program,
the criteria used to fast-track a patient into phase II recovery
directly from the operating room (OR) are the same criteria
used to advance the patient from phase I into phase II recov-
ery by the nursing staff. The exact criteria may vary slightly by
facility, but generally the patient should be awake; with stable
vital signs and minimal dizziness, pain, or nausea; and able to
maintain a saturation of 92% or greater on room air. Patient
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satisfaction surveys have shown that patients, families, and sur-
geons respond favorably to an early discharge as it contextu-
alizes a well-conducted, well-tolerated, and well-planned anes-
thetic experience.

Postoperative issues
A true complication from anesthetics for ambulatory patients
is rare, but side effects are common. Two issues, pain man-
agement and PONV, are the leading causes of an unplanned
hospital admission when they occur to the extreme. Pain
management principles have already been discussed. Emetic
management involves patient hydration, limiting intake of
solids postoperatively, recognizing the risk factors and min-
imizing them as much as possible, and giving appropriate
antiemetics as indicated. Risk factors for PONV can be broken
down into surgical, anesthetic, and patient-specific. Anesthetic
factors have already been addressed. These involve the use of
multimodal analgesics to reduce or avoid opioids in the intra-
operative and especially the postoperative phase, the avoidance
of volatiles and nitrous oxide, and the use of a regional tech-
nique or field blocks by the surgeon as appropriate.The surgical
factors are less controllable and involve the type and duration
of the surgery.The Apfel score, which is a simplified PONV risk
score, applies one point for each of the following factors: female,
nonsmoker, history of PONV, and use of postoperative opioids.
With zero risk factors, the incidence for PONV is 10%. With
each additional factor, the incidence increases to 20%, 40%,
60%, and 80%, respectively. Prophylactic treatment of PONV
is also a multimodal approach, and some of the recommended
antiemetics are selective serotonin 5-hydroxytryptamine
type 3 (5-HT3) receptor antagonists, steroids, anticholiner-
gics, and butyrophenones. Dosing algorithms are beyond
the scope of this chapter, but two rules to follow are (1) if
the medication has not worked, do not give more but move
to another class of antiemetic; and (2) if PONV returns ≥6
hours after treatment, the dose that was successful may be
repeated.

Other side effects that may delay the discharge of the
ambulatory patient or his or her return to normal activity are
drowsiness, dizziness, headache, sore throat, and general aches.
Although many of these side effects are difficult to avoid, the
incidence of sore throat can be reduce by using a smaller endo-
tracheal tube than is normally used for inpatients.

Suggested readings
Benumof JL. Obstructive sleep apnea in the adult obese patient:

implications for airway management. J Clin Anesth 2001;
13:144–156.

Bryson GL, Chung F, Cox R, et al. (CAARE Group). Patient selection
in ambulatory anesthesia – an evidence-based review: Part 1.
Can J Anesth. 2004; 51(8):768–781.

Bryson GL, Chung F, Cox R, et al. (CAARE Group). Patient selection
in ambulatory anesthesia – an evidence-based review: Part 2.
Can J Anesth 2004; 51(8):782–794.

Chikungwa M, Smith I. Controversial issues in ambulatory
anesthesia. Anesthesiol Clin N Am 2003; 21:313–327.

Chung F, Mezei G, Tong D. Pre-existing medical conditions as
predictors of adverse events in day-case surgery. Br J Anaesth
1999; 83:262–270.

Crews J. Multimodal pain management strategies for office-based and
ambulatory procedures. JAMA 2002; 288:629–632.

Gan TJ, Meyer TA, Apfel CC, et al. Society for Ambulatory
Anesthesia guidelines for the management of postoperative nausea
and vomiting. Anesth Analg 2007; 105:1615–1628.

Marshall SI, Chung F. Discharge criteria and complications after
ambulatory surgery. Anesth Analg 1999; 88:508–517.

Practice Guidelines for Management of Patients with Obstructive
Sleep Apnea. A report by the American Society of
Anesthesiologists Task Force on Perioperative Management of
Patients with Obstructive Sleep Apnea. Anesthesiology 2006;
104:1081–1093. Available at: http://www.asahq.org/
publicationsandservices/sleepapnea103105.pdf.

Springman SR, Hines R (eds.). Ambulatory Anesthesia: The Requisites
in Anesthesiology. 1st ed. St. Louis: Mosby Press; 2006.

Twersky RS, Philip BK (eds.).Handbook of Ambulatory Anesthesia.
2nd ed. New York: Springer; 2008.

White PF, Song D. New criteria for fast-tracking after out-patient
anesthesia: a comparison with the modified Aldrete’s scoring
system. Anesth Analg 1999; 88:1069–1072.

840

http://www.asahq.org/publicationsandservices/sleepapnea103105.pdf
http://www.asahq.org/publicationsandservices/sleepapnea103105.pdf


Chapter

135 Anesthesia outside the operating room
Wendy L. Gross and Ramon Martin

Nonsurgical approaches to treatment outside the operating
room (OR) often require the participation of anesthesiologists.
Cases performed outside of the OR occur in areas that lack
the infrastructure of the OR and are often unfamiliar to anes-
thesiologists. Medical practitioners and anesthesiologists prac-
ticing outside the OR are frequently faced with chronically or
acutely ill patients whose medical conditions have not been or
cannot be optimized. Existing comorbidities may go unnoticed
and untreated unless an anesthesiologist points them out. Med-
ical proceduralists are focused on getting the cases done and are
likely to be unfamiliar with the risks of anesthesia in this envi-
ronment. It is the task of the anesthesiologist to step back and
evaluate the “big picture.”

Comorbidities such as obesity, (coronary artery disease
[CAD], chronic obstructive pulmonary disease [COPD], hyper-
tension [HTN], diabetes mellitus [DM], arthritis, etc.), signifi-
cant opioid intake, solid tumors that compress and/or invade
major organs, and psychosocial issues are some common com-
plicating patient characteristics that are as important as airway
evaluation in the anesthetic care of these patients. Consid-
eration of these issues should be a component of ongoing
discussions with participating medical interventionalists and
constitute the key features of deciding how to take the best care
of a patient during the procedure at hand.

A complete medical history is essential. Good communi-
cation skills and a thorough understanding of pathophysiol-
ogy are required of any anesthesiologist practicing in a remote
location because the OR support network may not be readily
available and the procedure may be unfamiliar or new. Many
interventionalists rely upon imaging modalities that anesthesi-
ologists are unfamiliar with. Therefore, it is incumbent on the
anesthesiologists outside the OR to establish an environment
in which there is succinct, frequent, and clear communication
between anesthesiologist and interventionalist regarding both
the procedural plan and the progress of the intervention.

The change in venue creates technical, communication,
and operational difficulties for anesthesiologists. This chapter
addresses practice standards, problems encountered, and rec-
ommended approaches for procedures frequently performed in
some common non-OR anesthetizing locations.

Non-OR standards of care
TheORmodel of care should be extended to all cases performed
in non-OR locations and includes the following fundamental
features:
1. Thorough preprocedure assessment and informed consent;
2. Standardized monitoring and anesthetic equipment

consistent with maximal patient safety and comfort;
3. Clearly marked and readily available emergency equipment

(code cart, defibrillator, and difficult airway cart);
4. Adequate backup (equipment and personnel) in case of

emergencies and/or difficulties;
5. Available postoperative care in a postanesthesia care unit

(PACU) setting with the oversight of an anesthesiologist
and a dedicated nursing staff; and

6. A clear and understood procedure and anesthetic plan.
Any procedure performed in a non-OR area can degenerate

into a complex or unmanageable situation for logistical ormed-
ical reasons. Adherence to the standards just mentioned is even
more critical when an anesthetic is administered away from the
support structure of the OR. The American Society of Anes-
thesiologists (ASA) guidelines for non-OR anesthesia care are
summarized in Fig. 135.1.

Non-OR anesthetizing locations
In this section, we highlight seven commonly encountered non-
OR locations where anesthetic care is provided regularly. Each
of these will be discussed in terms of typical procedures per-
formed and commonly encountered problems.

Angiography/interventional radiology
The angiography/interventional radiology (angio/IR) suite
encompasses a wide range of procedures. Up to 70% of the pro-
cedures are urgent or emergent and are booked less than 48
hours ahead of time. Even though most of these cases are per-
formed with a nurse providing sedation to the patient, there
is a continual discussion between the anesthesiologists and
angio/IR staff about how best to keep patients comfortable.
Patient assessment before the procedure is critical to determine
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GUIDELINES FOR NONOPERATING ROOM ANESTHETIZING
LOCATIONS

(Approved by House of Delegates on October 19, 1994,
and last amended on October 15, 2003)

There should be in each location a reliable source of oxygen adequate for the length of the procedure.    
There should also be a backup supply. Prior to administering any anesthetic, the anesthesiologist should 
consider the capabilities, limitations and accessibility of both the primary and backup oxygen sources. 
Oxygen piped from a central source, meeting applicable codes, is strongly encouraged. The backup 
system should include the equivalent of at least a full E cylinder.

There should be in each location an adequate and reliable source of suction. Suction apparatus that meets 
operating room standards is strongly encouraged.

In any location in which inhalation anesthetics are administered, there should be an adequate and reliable 
system for scavenging waste anesthetic gases. 

There should be in each location: (a) a self-inflating hand resuscitator bag capable of administering at 
least 90 percent oxygen as a means to deliver positive pressure
ventilation; (b) adequate anesthesia drugs, supplies and equipment for the intended anesthesia care; and 
(c) adequate monitoring equipment to allow adherence to the "Standards for Basic Anesthetic 
Monitoring." In any location in which inhalation anesthesia is to be administered, there should be an 
anesthesia machine equivalent in function to that employed in operating rooms and maintained to current 
operating room standards.

There should be in each location, sufficient electrical outlets to satisfy anesthesia machine and 
monitoring equipment requirements, including clearly labeled outlets connected to an emergency power 
supply. In any anesthetizing location determined by the health care facility to be a "wet location" (e.g., for 
cystoscopy or arthroscopy or a birthing room in labor and delivery), either isolated electric power or 
electric circuits with ground fault circuit interrupters should be provided.*

There should be in each location, provision for adequate illumination of the patient, anesthesia machine 
(when present) and monitoring equipment. In addition, a form of battery-powered illumination other than 
a laryngoscope should be immediately available.

There should be in each location, sufficient space to accommodate necessary equipment and personnel 
and to allow expeditious access to the patient, anesthesia machine (when present) and monitoring 
equipment.

There should be immediately available in each location, an emergency cart with a defibrillator, 
emergency drugs and other equipment adequate to provide cardiopulmonary resuscitation.

There should be in each location adequate staff trained to support the anesthesiologist. There should be 
immediately available in each location, a reliable means of two-way communication to request assistance.

For each location, all applicable building and safety codes and facility standards, where they exist, should 
be observed.

Appropriate postanesthesia management should be provided (see Standards for Postanesthesia Care). In 
addition to the anesthesiologist, adequate numbers of trained staff and appropriate equipment should be 
available to safely transport the patient to a postanesthesia care unit.

These guidelines apply to all anesthesia care involving anesthesiology personnel for procedures intended to be 
performed in locations outside an operating room. These are minimal guidelines which may be exceeded at any 
time based on the judgment of the involved anesthesia personnel. These guidelines encourage quality patient 
care but observing them cannot guarantee any specific patient outcome. These guidelines are subject to revision 
from time to time, as warranted by the evolution of technology and practice. ASA Standards, Guidelines and 
Policies should be adhered to in all nonoperating room settings except where they are not applicable to the 
individual patient or care setting.

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

Figure 135.1. Guidelines for non-OR anesthetizing locations. With permis-
sion from ASA.

what is needed for the patient to comfortably tolerate (i.e., hold
still, breathe, and have no pain) a procedure. As a result, a
member of the anesthetic team is often involved in evaluating
even those patients who are not anticipated to require anesthe-
sia. Such evaluation should begin with morning rounds in the
angio/IR suite, when all the patients for the day are presented to
the entire group of radiologists, nurses, and anesthesiologists.
Discussion should continue during the day among providers.

Most of the procedures require that the patient lie supine.
Pain from arthritis and surgical incisions; respiratory compro-
mise from COPD, pneumonia, pleural effusions, or obstructive
sleep apnea; and inability to cooperate because of dementia,
language differences, or psychiatric disturbances can make a
seemingly simple procedure extremely difficult or impossible.
Some procedures (portal sclerotherapy, placement of a lumbar
dialysis catheter, angiography and/or embolization for gastroin-
testinal (GI) bleeding in a hypotensive patient) clearly require
the involvement of an anesthesiologist. Other procedures, such

as percutaneous nephrostomy tubes, biliary drainage catheters,
hemodialysis catheters, arteriovenous (AV) graft declotting,
and major vessel stenting, cause little pain after the placement
of the intravascular catheter. The patient, however, does have
to lie still and be able to cooperate when asked. Patient comor-
bidities and the scope of the procedure determine the choice of
analgesia/anesthesia.

Increasing caseloads may make it cost-effective to have a
nurse practitioner involved as a member of the anesthesia team
to assist with patient assessments (from airway evaluations in
patients with obstructive sleep apnea to comprehensive eval-
uations in complicated patients). The nurse practitioner inter-
faces with both the anesthesiologist assigned to angio/IR and
the nurses and radiologists in the suite. This nurse practi-
tioner assessment allows for timely and comprehensive patient-
information gathering that might otherwise not occur and
expedites implementation of treatment by both the radiologist
and the anesthesiologist.

Particular issues of concern in the angio/IR area include
temperature and radiation exposure. Elderly or chronically ill
patients tolerate cold temperatures poorly. Hypothermia is a
particularly serious complication of long procedures. Proce-
dure rooms, traditionally kept at 60◦F, are now maintained
at 68◦F. Longer procedures and a high acuity patient popula-
tion make cold temperatures unacceptable. In addition, forced
warm-air heaters are available in all rooms and are used for
all patients. Several models that surround the patient but do
not interfere with instrumentation are available. Fig. 135.2
shows a typical interventional radiology procedure in the CT
scanner.

Figure 135.2. Typical interventional radiology procedure in the CT scanner
(Source: Brigham and Women’s Hospital Web site).
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The anesthesiologist should be educated about radiation
exposure and the need to wear lead. In some cases, anesthesi-
ologists who staff this area on a regular basis have been pro-
vided with their own lead because chronic use of lead that is
too heavy or ill-fitting can lead to injury or exposure. There are
often challenges related to maintaining a safe distance from the
fluoroscopy equipment cone while still adequately monitoring
the patient.

Endoscopy
Despite efforts by some insurers to curtail payment for anes-
thesia services provided in the endoscopy suite, there has been
growing use of anesthesia care for those patients.This is due not
only to patient requests, but more so to the increasing number
of patients with multiple comorbidities, including obesity and
chronic narcotic use. Esophagogastroduodenoscopy (EGD),
retrograde endoscopy of the bile and pancreatic ducts (ERCP),
and colonoscopies normally require only nurse-administered
intravenous conscious sedation (IVCS), but medical comor-
bidities can make a patient an anesthetic candidate. The chal-
lenge has been to determine the need for anesthesia services
well ahead of time. Because most of the procedures are sched-
uled electively, patients who are known to require anesthesia
care are sent to the preadmitting test center for evalua-
tion and then present on the day of their procedure with a
preanesthetic evaluation and plan. The GI staff and the anes-
thesiologists assigned to the endoscopy suite should discuss
individual outpatients and the plan for keeping them comfort-
able during their procedure. Sometimes outpatients who are
scheduled to be cared for by an anesthesiologist have already
unsuccessfully attempted the procedure with conscious seda-
tion alone. Inpatients oftenpresent as add-on or emergent cases.
A thorough preanesthetic assessment will determine what is
needed. A patient with ischemic cardiomyopathy who is on the
transplant list, a patient with complex congenital heart disease,
or a patient with a left ventricular assist device may need to
be cared for in the OR with a cardiac anesthesiologist either
present for the case or available nearby for consultation. Anes-
thesiologists may be needed for unstable patients in either the
medical intensive care unit (MICU) or the cardiac care unit
(CCU) who cannot be moved but require endoscopy.

Most upper and lower endoscopies can be performed
with mild to moderate sedation by anesthesiologists or prop-
erly trainednonanesthesiologists. Commonly usedmedications
include benzodiazepines, short-acting opioids (such as fen-
tanyl), and propofol. Intubation is rarely necessary and should
be dictated by the patient’s comorbidities. More complicated,
lengthy, and painful procedures such as ERCP are more likely
to require deep sedation or general anesthesia (GA).

Increasingly innovative procedures that are lengthy and
require deep sedation also contribute to the increasing num-
bers of endoscopy cases requiring the involvement of anesthesi-
ologists. Gastric bypass repair and double balloon enteroscopy
are performed with GA. The anesthetic choice for other

procedures, such as laser treatment of Barrett’s esophagus,
percutaneous endoscopic gastrostomy (PEG) placement, or
secretin test to assess bile and pancreatic duct function, are
determined by the patient’s overall condition.

Radiation oncology
The treatment of surgically unresectable cervical and uterine
carcinoma has evolved from a 3-day tandem and ovoid applica-
tionwith continuous radiation therapy and the patient confined
to bed, to short outpatient treatments over several days. GA is
used for most of these cases. After induction of GA, the patient
is placed in the lithotomy position for placement of tandem and
ovoids. CT imaging confirms placement and provides the basis
for the dosimetry calculations that take place next. Treatment
is then carried out, the instrumentation is removed, and the
patient is awakened and taken to the PACU. She is discharged
later in the day. Some patients have undergoneMRI for dosime-
try planning.Themagnetic resonance scanner being in a differ-
ent location requires transporting the patient for the 20-minute
scan. Occasionally, the authors have used epidural anesthesia
with intravenous sedation for such cases, tominimize transport
of intubated patients through the hallway.

Epidurals with either intravenous sedation or GA are used
for interstitial implants. Because the radiation is given continu-
ously for 48 to 72 hours after placement of the implants, epidu-
rals are left in place and a continuous infusion of dilute local
anesthetic and opioid (hydromorphone) is maintained until
the course of radiation is completed and the instrumentation
removed.

Prostate brachytherapy is a procedure chosen by men who
wish to avoid surgical resection. After induction of GA, the
patient is placed in lithotomy position and an ultrasound probe
is used to guide the placement of needles that hold irradiated
seeds.The CT scanner is used for dosimetry. After the seeds are
placed and instrumentation removed, the patient is awakened
and taken to the PACU. Discharge is usually the next morning.

GA is needed for patients who cannot hold still for conven-
tional external beam radiation therapy. Severe tremors caused
by Parkinson’s disease or myotonic dystrophy can make exter-
nal beam radiation impossible unless the patient can be immo-
bilized. Each patient is handled individually with a meeting of
all members of the care team as well as by a discussion with the
patient and family to review all available options. Every attempt
is made to find an alternative technique, distraction, or medi-
cation change before embarking on a lengthy course of a short
anesthetic (5 days a week for 5–7 weeks).

Computed tomography
Diagnostic CT scans are quite quick and do not require seda-
tion, analgesia, or anesthesia, with the exception of intubated
patients from the OR or an ICU. CT-guided cryoablations of
solid tumors require anesthetic support. Lesions of the liver
and kidney can be accomplished with intravenous analgesia.
Comorbidities that render the patient unable to lie flat or keep
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relatively still for prolonged periods will occasionally necessi-
tate the use of GA. Lung lesions require more careful consid-
eration, and GA is used more frequently. If the lesion is close
to a bronchus, a double-lumen tube is placed after induction
of GA, and its position is confirmed with a fiber-optic broncho-
scope prior to the start of a case. A pneumothorax is expected to
some degree in most patients undergoing lung cryoablation, so
close attention is paid to respiratorymechanics and the extent of
the pneumothorax prior to extubation. If the pneumothorax is
large enough to compromise pulmonary function, a chest tube
is promptly inserted.

With rising patient acuity, the number of patients who can-
not lie flat or hold still is increasing. As a result, the number
of cases requiring anesthesia support is growing as well, even
for simple procedures such as biopsies or placement of drainage
catheters under CT guidance. As in other non-OR locations, the
main goal is to screen patients to identify those who are not
sedation candidates. We prefer, whenever possible, to schedule
these patients for interview at our preoperative evaluation cen-
ter prior to their procedure. In this way, patients undergo com-
plete assessment and are booked electively with anesthesia care,
which avoids the potential of a failed attempt to perform a pro-
cedure carried out with nurse-administered sedation only.

Magnetic resonance imaging
Magnetic resonance scanners are unique among non-OR
locations because they are used solely for diagnostic testing.
Patients who require anesthetic support to get through this
imaging comprise a wide variety of patients who simply cannot
lie still in the bore of the scanner for 25 minutes to 2 or 3 hours
(depending on howmuch of the body is scanned). Aswith other
non-OR areas, patient evaluation is of primary importance to
determine the underlying causes of the MRI intolerance so that
the intolerance can be effectively treated. Mental retardation,
severe claustrophobia, anxiety disorders, pain from arthritis or
physical injuries, and dementia or confusion from an intracere-
bral bleed are some of the underlying problems routinely seen.
When paired with organ system dysfunction, these patients
require thought and discussion before proceeding with intra-
venous analgesia or GA. It is sometimes necessary to discuss the
risks and benefits of GA with the patient, family, and primary
care team about when the possible information gained from the
scan might not change the patient’s outcome. This discussion
must also include theMRI technicians who have a full schedule
and are used to moving patients quickly through their scans.

MRI scanners present specific and unique challenges to
anesthesiologists. First, all anesthesia equipment – including
the anesthesia machine, laryngoscopes, pumps, and anesthe-
sia cart – must be MRI compatible. In addition, the noise level
in the 3-Tesla (3T) units is considerably higher than in 1.5T
machines. It is so high that one cannot hear monitor signals
and alarms. Remote monitoring from just outside the machine
using a slave unit for vital signs and video images of the patient
from ceiling-mounted cameras is therefore needed. It remains

to be seen whether this increased noise level will result in more
patients being uncomfortable while lying in the scanner. With
the advent of the 3T units, there are plans to begin perform-
ing procedures just as in CT: biopsies and cryoablation of solid
tumors. This will generate more anesthetic cases in the MRI
suite.

Unstable cardiovascular disease cannot be monitored with
any precision in anMRI scanner and can possibly exclude some
patients from having an anesthetic in that location. Although
there have been improvements in the consistency of display-
ing the electrocardiogram (ECG) tracing, it is still not reli-
able when looking for changes in the ECG, particularly when
the patient has been moved all the way into the bore of the
magnet.

The magnet’s impact on ferrous material precludes any
patient with such material implanted from undergoing a mag-
netic resonance scan. Danger arises from dislodgement or mal-
function of vascular clips, pacemakers, automatic implantable
cardioverter–defibrillators (AICDs), mechanical heart valves,
and implanted biological pumps. Shrapnel is another con-
traindication. The use of nonferrous materials such as titanium
for vascular clips is consideredMRI-safe. Some tattoo inks con-
tain high amounts of ferrous oxide and have been reported to
cause burn injury.

Interventional neuroradiology
The interventional neuroradiology suite is essentially an off-
shoot of the neurosurgical OR. Diagnostic cerebral angiograms
are performed electively prior to aneurysm clippings. Vascular
tumors or large meningiomas are imaged and embolized prior
to surgical resection. The neuroradiology suite is also the main
source of unplanned urgent cases. Patients often arrive with a
subarachnoid hemorrhage for diagnostic angiography to look
for a ruptured or leaking aneurysm or arteriovenousmalforma-
tion (AVM) to determine whether it can be coiled or to map the
vascular supply for clipping in the OR. After a craniotomy, if
mental status changes ensue, patients are sent to the interven-
tional neuroradiology suite for imaging to look for vasospasm
and for possible treatment with intra-arterial verapamil.

Aside from the diagnostic cerebral angiograms (which are
done with sedation only), all other procedures require GA,
usually with arterial blood pressure monitoring. Because of
the need to maintain cerebral perfusion pressure, blood pres-
sure management is an important part of the anesthetic tech-
nique and requires communication with the IR staff about
target blood pressure and whether anything is given by the pro-
ceduralist thatmight decrease blood pressure (i.e., intra-arterial
verapamil). Communicationmust bemaintainedwith themain
OR anesthesia staff about any patients who might end up in the
OR for open surgery.

Orphan non-OR cases
Not infrequently, anesthesiologists receive requests to provide
“a little bit of propofol” to help get patients through procedures
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in the MICU, the CCU, the emergency department (ED), or
diagnostic areas (PET/CT and ultrasound). These requests are
usually urgent or emergent, without prior warning.The patients
are generally quite ill with multiple medical problems and no
preprocedure assessment. The physicians making the requests
are usually internists or radiologists who are not aware of the
constraints that the patient’s comorbidities place on the perfor-
mance of the procedure or the administration of sedation or
anesthesia. It is important for the anesthesiologist to ascertain
that the procedure room has proper equipment, gas supply, and
monitors for the safe provision of anesthesia.

The requests from the MICU, CCU, and ED present a
dilemmabecause often these are truly emergencies. An anesthe-
siologist is sent to evaluate the patient and talk to the care team
about what needs to be done. If the patient cannot be moved
to the OR, then a limited amount of analgesia, with appropriate
monitoring in place, is given to help get the patient through the
procedure.

Cardioversions are sometimes necessary in intensive care
units and in the electrophysiology (EP) or catheterization lab-
oratories. Cardioversions require the presence of an anesthe-
siologist because the patient receives intravenous GA for the
procedure, which can be short in duration but quite painful
while the electrical shock is being delivered. Standard ASA
monitoring should be used, including ECG, blood pressure
cuff, pulse oximetry, and capnography. Equipment for emer-
gency airway support must be immediately available at the bed-
side.Usually propofol or etomidate is administered for hypnosis
while the patient is maintaining spontaneous ventilation. If the
patient becomes apneic and requires ventilatory support, bag-
mask ventilation is initiated. If the patient’s airway is potentially
difficult and minimal sedation is desirable, it is reasonable to
give midazolam initially, so that the patient has amnesia for the
event, and fentanyl for analgesia. The patient should be moni-
tored postcardioversion for at least 30 minutes by a nurse until
the vital signs return to baseline and the patient is fully awake.

Summary
Non-OR anesthetizing locations are a diverse, growing area that
presents both challenges and opportunities for anesthesiolo-
gists. Non-OR procedures are becoming a significant aspect of
hospital practice and patient care. As the perimeter of anesthe-
siology moves from the OR to encompass these new arenas,
anesthesiologistsmust be involved in the planning of procedure
rooms so that they are safe and are in compliance with basic
ASA standards. We will need to expand the scope of preanes-
thetic evaluation to non-OR locations.

Transport of patients from ICUs to procedure areas and
back is often more challenging than the procedure itself and
may well become the routine responsibility of the anesthesiolo-
gist. In addition, transport requires good communication with
nursing staff both in the procedure area and in the patient care
unit. Transportmonitoring should ensure that the anesthesiolo-

gist has all the information necessary to treat the patient should
problems develop en route to the procedure area or back to the
unit.

Each health care facility needs to create guidelines for the
definition and administration of safe moderate and deep seda-
tion and be able to clarify and discuss the risks and benefits of
GAwith nonsurgical medical practitioners. Anesthesiology has
successfully spearheaded patient safety initiatives and advanced
surgical practice in the OR, and it is critical to import those
principles to the non-OR arenas.
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Chapter

136 Office-based anesthesia
Fred E. Shapiro

Office-based anesthesia (OBA) refers to the practice of ambu-
latory anesthesia in the office setting. OBA is a relatively new
and growing field as the number of requests to provide anes-
thesia services by practitioners who have their own outpatient
office-based operating facilities have grown at an exponential
rate.

OBA marries convenience with financial incentive. It has
attraction for both surgeon and patient; the former benefiting
from greater control over schedule, operating costs, and rev-
enue generation, and the latter gaining in comfort, convenience,
and privacy. One need look no further than recent national
statistics for evidence of the popularity of this emerging sub-
specialty. In 2005, The American Society of Anesthesiologists
estimated that more than 10 million surgical procedures were
performed in doctors’ offices. This number has doubled since
1995 and continues to steadily grow. Today nearly 80% of
all surgeries are currently performed in an outpatient facility,
either connected to a hospital or in a separate surgical center,
and approximately 1 in 10 surgeries are office-based. However,
despite the large numbers of procedures, such facilities gener-
ally have little regulation at the local, state, or federal level – only
22 of 50 states have any regulations regarding OBA.

The most common procedures performed in the office
include gastrointestinal (GI) endoscopy, ophthalmology, and
cosmetic surgery. Other specialties (e.g., gynecology, urology,
orthopedics, interventional pain, neurosurgery, pulmonary and
cardiac procedures) are increasingly represented.

There has also been an increase in the complexity of the
cases being performed in the office as well as an increase in
the number of patients with major medical problems and risk
factors undergoing these procedures. Therefore, the tremen-
dous growth of OBA has been accompanied by concerns for
patient safety. These concerns have been escalated by media
reports of tragedies that may have been precipitated because
the physician’s office lacked the same resources (i.e., personnel,
equipment, drugs, administrative policies, and facilities) that
are present in an ambulatory surgical center or hospital. There
must be one standard of care, no matter where the surgery is
performed.

Advances in both surgical and anesthesia technology enable
the office to be a very desirable place to perform numerous sur-
gical procedures. In a properly accredited site with qualified,

licensed, and trained personnel, the office-based setting can
provide a safe, pleasant, comfortable, and cost-effective expe-
rience for all.

The office-based anesthesia practice:
creating a safe, pleasant, and comfortable
experience
At this point one can easily see how anesthesia in the nonhospi-
tal setting is a unique subspecialty with its own particular chal-
lenges and concerns. This chapter is intended to familiarize the
reader with the most crucial issues and to impart a knowledge
basis for anyone delving into an OBA practice.We begin by dis-
cussing three key principles underlying OBA – to facilitate an
experience that is safe, pleasant, and comfortable for both the
patients and the personnel involved in the process.

How to keep it safe
Accreditation of office-based surgical facilities is currently per-
formed by the following three organizations:

� The American Association for Accreditation of
Ambulatory Surgery Facilities (AAAASF);

� The Accreditation Association for Ambulatory Health Care
(AAAHC); and

� The Joint Commission (TJC).

The commonly used classification of surgical facilities
focuses on the level of anesthesia provided. The source of these
classifications is the American College of Surgeons (ACS), as
found in its booklet Guidelines for Optimal Ambulatory Surgi-
cal Care and Office-based Surgery. The ACS definitions are:

Class A (also known as Level I): Provides for minor surgical
procedures performed under topical and local infiltration
blocks with or without oral or intramuscular preoperative
sedation. Excluded are spinal, epidural, stellate ganglion
interscalene, supraclavicular, infraclavicular blocks, and
intravenous regional anesthesia.
Class B (also known as Level II): Provides for minor or
major surgical procedures performed in conjunction with
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oral, parenteral, or intravenous sedation or under analgesic
or dissociative drugs.
Class C (also known as Level III): Provides for major
surgical procedures that require general or regional block
anesthesia and support of vital bodily functions.

Safety features that are taken for granted or even unnoticed in
an acute care hospital must be carefully built into a new office
operating suite or retrofitted into an existing one.

To promote safety and encourage states to develop guide-
lines, the American Medical Association (AMA), with input
from the ACS and the ASA, published a consensus list of
principles. Entitled the “AMA Core Principles for Office-Based
Surgery,” this list is summarized as follows (for full text, see
http://www.asahq.org/Washington/AMACorePrinciples.pdf):

1. Guidelines or regulations for office-based surgery should
be developed by states according to levels of anesthesia
defined by the ASA.

2. Physicians should select patients for OBA by specified
criteria including the ASA Physical Status Classification
System.

3. Where available, offices that perform surgery should be
accredited by a state-recognized entity.

4. Physicians involved in office-based surgery should have
admitting privileges at a nearby hospital or maintain an
emergency transfer agreement with a nearby
hospital.

5. Informed consent guidelines should be followed.
6. Continuous quality improvement and adverse

incident–reporting programs should be kept.
7. All physicians in an office-based setting should be board

certified and fully trained.
8. Physicians performing office-based surgery may show

competency by maintaining privileges at an accredited
hospital or ambulatory surgical center for the procedures
they perform in an office setting.

9. At least one physician who is credentialed in advanced
resuscitative techniques (advanced trauma life support
[ATLS], advanced cardiac life support [ACLS], or
pediatric advanced life support [PALS]) must be present
or immediately available with appropriate resuscitative
equipment until the patient has met discharge
criteria.

10. Physicians administering or supervising the anesthetic
should have appropriate education and training.

How to make it pleasant
The next dictum for establishing a good OBA practice is to
make the entire office-based perioperative experience pleasant.
The ability to reinvent the traditional surgical experience is one
of the most important reasons behind the emergence of anes-
thesia in the office setting. Office-based surgery can offer the

convenience of having procedures performed in a more com-
fortable setting with an expedient return home.

Advances in analgesic drugs and a growing awareness of
complementary techniques, when carried out in the hands of
skilled personnel, can help ease a patient smoothly into post-
surgical recovery. The aim should be a pleasing experience for
patient, family, and friends.

How to make it comfortable
The anesthesiologist plays an integral role in helping to make
the perioperative experience pleasant for the patient. A well-
conceived, well-structured office environment is essential. One
would not want to walk into an office if the equipment and
infrastructure are antiquated, cumbersome, or ill-functioning.
Building an effectively functioning office-based practice can be
a challenging business, but, when properly executed, the office-
based environment can be the ideal place of work for an anes-
thesiologist.

Patient and procedure selection
There are two major issues that the anesthesiologist needs to
address prior to initiating an anesthetic in the office: first,
whether the patient would be an appropriate candidate for the
proposed procedure, and second, whether the proposed sur-
gical procedure would be appropriate for an office-based set-
ting.TheASAGuidelines forOffice-BasedAnesthesia specifically
address these issues.

In 2007, the ASA published the Manual for Anesthe-
sia Department Organization and Management (MADOM;
available from the www.ASAhq.org). Chapter 5 (Ambulatory
Anesthesia) contains relevant TJC, AAAHC, and AAAASF
accreditation standards, as well as the following additional ASA
statements:

1. Guidelines for Ambulatory Anesthesia and Surgery
2. Statement on Qualifications of Anesthesia Providers in the

Office-Based Setting
3. Guidelines for Nonoperating Room Anesthetizing

Locations
4. Position on Monitored Anesthesia Care
5. Continuum of Depth of Sedation: Definitions of General

Anesthesia and Levels of Sedation/Analgesia
6. Statement on Safe Use of Propofol
7. Statement on Granting Privileges for Administration of

Moderate Sedation to Practitioners Who Are Not
Anesthesia Professionals

8. Statement on Granting Privileges to Non-Anesthesiologist
Practitioners for Personally Administering Deep Sedation
or Supervising Deep Sedation by Individuals Who Are Not
Anesthesia Professionals

9. Outcome Indicators for Office Based and Ambulatory
Surgery
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Sedation by non-anesthesiologists is addressed in Practice
Guidelines for Sedation and Analgesia by Non-Anesthesiologists.

The administration of sedatives, hypnotics, analgesics, as
well as anesthetic drugs commonly used for the induction and
maintenance of general anesthesia is often, but not always, a
part ofmonitored anesthesia care (MAC). In some patients who
may require only minimal sedation, MAC is often indicated
because even small doses of these medications could precipi-
tate adverse physiologic responses that would necessitate acute
clinical interventions and resuscitation. If a patient’s condition
and/or a procedural requirement is likely to require sedation
to a deep level or even to a transient period of general anes-
thesia, only a practitioner privileged to provide anesthesia ser-
vices should be allowed to manage the sedation. Due to the
strong likelihood that deep sedationmay, with orwithout inten-
tion, transition to general anesthesia, the skills of an anesthesia
provider are necessary tomanage the effects of general anesthe-
sia on the patient as well as to return the patient quickly to a
state of deep or lesser sedation.

In summary, MAC is a physician service that is clearly
distinct from moderate sedation due to the expectations and
qualifications of the provider who must be able to use all anes-
thesia resources to support life and to provide patient comfort
and safety during a diagnostic or therapeutic procedure.

What types of drugs are used in the office?
Anesthesia for office-based surgery can be accomplished using
a variety of approaches. Induction and maintenance of seda-
tion or anesthesia can include intravenous and inhalational
techniques. Short-acting agents are most appropriate. Cen-
tral and peripheral regional anesthetic techniques can also be
valuable.

More important than the choice of specific agents or tech-
niques, the anesthesiologist must focus on providing an anes-
thetic that will provide for a rapid recovery to normal function,
with minimal postoperative pain, nausea, or other side
effects.

We might suggest a word of caution about using various
drug combinations to accomplish adequate levels of sedation.
It is reasonable to use drug combinations to provide synergy
of effects, decrease the dose of each drug, and decrease the
side effects. In the current environment, however, both the case
complexity and patient comorbidities are increasing as well as
the number of non-anesthesia personnel administering seda-
tion in the office-based setting. We have to ask ourselves, “Are
there any limits to this type of practice?”

In a recent article, Bhananker and colleagues performed
a closed claims analysis of the injuries associated with MAC.
These data refer to procedures performed in all kinds of health
care settings, such as offices, ambulatory surgical centers, and
acute care hospitals. The authors examined closed malprac-
tice claims in the ASA Closed Claims Database since 1990
and found that more than 40% of claims associated with MAC

involved death or permanent brain damage similar to general
anesthesia claims, and that respiratory depression was the most
common (21%) mechanism of injury. They concluded that
almost half (46%) of the claims could have been prevented by
better monitoring, including capnography, improved vigilance,
and audible alarms.

Which is the safest choice of anesthesia recommended for
the office-based setting? Because the main focus of office-based
anesthesia practice is to provide safety and comfort while facil-
itating a fast-track recovery, it is important to highlight the
discharge criteria from the ASA–Society for Ambulatory Anes-
thesia (SAMBA) manual, Office-Based Anesthesia: Considera-
tions for Anesthesiologists in Setting Up and Maintaining a Safe
Office Anesthesia Environment. Here are a few excerpts:

The attention to patient safety issues provided by these standards and guide-
lines should apply to all postanesthesia care regardless of facility location.

Wherever the recovery of the patient is to occur, the area designated
must provide an environment that ensures that space, equipment and
staffing adequately meet the intent of current postanesthesia care guidelines
and standards.

Policies and procedures specific to the postanesthesia care of the patient
should be developed and routinely reviewed by all office staff members.
Regardless of facility site, all patients shall be observed and monitored by
methods appropriate to the patient’s medical condition by appropriately
trained staff. The qualifications of these staff are clearly delineated in the
following documents: ASA Statement on the Anesthesia Care Team, State-
ment on Qualifications of Anesthesia Providers in the Office-Based Setting,
Practice Guidelines for Sedation and Analgesia by Non-Anesthesiologists,
Statement on granting Privileges for Administration of Moderate sedation
to practitioners who are not Anesthesia Professionals.

Patient discharge is a physician responsibility. Appropriate written cri-
teria for discharge should be applied and should conform to any specific
state regulations that govern the provision of office anesthesia. Ambula-
tory Discharge Criteria require that the patient’s vital signs be stable, the
patient is fully oriented, is able to ambulate without dizziness, has mini-
mal pain, nausea, vomiting, bleeding; and the patient must have a responsi-
ble “vested” adult escort. Personnel with training in advanced resuscitation
techniques should be immediately available until all patients are discharged
home. A standardized scoring system such as the Modified Aldrete Score
may be used. Fast-Tracking Criteria may use the same scoring criteria with
two additional assessments: postoperative pain and postoperative emetic
symptoms.

Suggested readings
American Society of Anesthesiologists. Practice guidelines for

sedation and analgesia by non-anesthesiologists. Anesthesiology
2002; 96:1004–1017. Available at: http://www.asahq.org/
publicationsAndServices/practiceparam.htm#sedation

ASA Guidelines For Office-Based Anesthesia (2009). Available at:
http://www.ASAhq.org/publicationsAndServices/standards/12
.pdf
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analysis. Anesthesiology 2006; 104:228–234.
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137 Patient safety, quality assurance,
and risk management
Miriam Harnett and Jeffrey B. Cooper

Quality and safety – the concepts
Patient safety, quality assurance, and risk management are
related concepts, but they differ in important ways. Patient
safety is primarily concerned with the prevention of injury.
Quality assurance includes safety, but it is a broader term that
also includes measures of the failure and success of medi-
cal treatments at levels beyond safety. Modern risk manage-
ment focuses on proactive prevention of adverse outcomes and
managing potential liability in their aftermath. Prevention of
injuries via error reduction and system improvements is a pri-
mary means to reduce the adverse events that would otherwise
lead to malpractice or compensatory claims.

It is important to remember that anesthesia is not primarily
therapeutic.Thus, it must be the goal of every anesthetic that no
patient should sustain an injury or complication from the anes-
thetic encounter.

Dimensions of quality
Quality is an abstract concept. Numerous definitions of qual-
ity exist, but perhaps the most widely accepted definition is that
of the Institute of Medicine (IOM) – quality is the “extent to
which health services for individuals and populations increase
the likelihood of desired health outcomes and are consistent
with current professional knowledge.”

Donabedian proposed that the quality of health care could
be measured by observing its major components: structure,
process, and outcomes. Structure involves the facilities and envi-
ronment in which the care is delivered; process involves how
care is actually delivered, including the interactions between
clinicians and patients; and outcomes involves measuring the
results of medical care. When making these observations, it is
important to remember that it is the patient’s perspective on the
quality of care that is most important.

Causes of preventable adverse events
The cause of accidents is almost always multifactorial and can
include failures of the organization, the care team, the individ-
ual, technology, or process design. Poor communication is one
of the most common root causes of major adverse events, and

it can have many underlying causes. Factors that contribute to
failures by the individual practitioner are:

1. Production pressure
2. Fatigue or sleep deprivation
3. Failure to check equipment
4. Lack of supervision
5. Unfamiliarity with equipment or with drug
6. Failure to follow routine
7. Unawareness of a protocol
8. Failure to follow protocol
9. Distraction

Improving safety: from individual events
to systems
Safety requires continual vigilance and a culture that makes
safe practice the highest priority. It is not enough to consider
individual actions. The organization must also consider work-
ing conditions, facilities, procedures, and work flow so that all
aspects of anesthesia care are addressed.

The reviewof closedmalpractice claims, peer review, clinical
conferences, and incident reports can be helpful in identifying
areas for improvement.Thesemethods do not quantify the inci-
dence of a particular event, but theymay identify problems that
can be corrected.

Historically, adverse events inmedicine have beendealt with
in a punitive fashion. There is now an increasing realization
that these events are most frequently the result of bad systems
and that blaming individuals is counterproductive. Attention is
now being turned toward understanding the deeper causes of
adverse events and correcting problems with the system of care
in an attempt to reduce the likelihood of errors.

Practical elements for producing safe,
high-quality patient care
Teamwork – Effective teamwork improves safety, so each
individual must learn to work as a team member rather than
as an individual.
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Preparation of equipment and medication – Failure to
adequately prepare for the administration of anesthesia
often contributes to critical incidents. Preparation includes
ensuring availability of emergency drugs and equipment,
ensuring that equipment is functional, and having a plan in
the event of an emergency.

A pneumonic (SOAPM) is an example of a checklist for setting
up the operating room (OR).
� Suction – Make sure it is working.
� Oxygen – Do you have it? Can you measure it? Can you

deliver it?
� Airway – Check laryngoscope and have an endotracheal

tube ready even if you do not plan to use it.
� Pharmacy – Check vial before and after drawing up drugs,

have emergency drugs ready, and make sure that
vaporizers are full.

� Machines/Monitors – Perform negative and positive
pressure checks and check ventilator function.

Preoperative assessment and planning
Preoperative assessment and planning include a thoroughmed-
ical evaluation of the patient and development of the anesthe-
sia care plan with attention to addressing any comorbidities or
other issues that might contribute to an adverse event.The plan
should include the anesthetic technique and requirements for
monitoring and for postoperative care, all ofwhichmust be con-
sistent with the wishes of the patient, the needs of the surgeon,
and the resources of the facility.

Monitoring
The safe practitioner should follow the standards promulgated
by the American Society of Anesthesiologists (ASA; see “Sug-
gested readings”). Critical alarms must never be disabled.

Safety in care transitions
Transitions in care present special risks for adverse events
because key information can easily be lost and practitioners
may become distracted during this process. Transitions include
handoffs for breaks during cases or transfers between the OR
and the postanesthesia care unit (PACU) or intensive care unit
(ICU). It is important to develop specific protocols for conduct-
ing handoffs and to be especially mindful at such times.

Control for human factors
It is imperative to be organized and consistent in the layout of
your emergency airway equipment and emergency drugs so that
they are easily accessible. Ritualizing simple safety routines is
a good idea because it makes them instinctive and harder to
forget. When drawing up a drug from a vial, the vial must be
checked both before and after the drug is drawn, and syringes
should always be labeled immediately. One of the most impor-
tant routines that must be followed without exception is to

read the drug label three times before a drug is administered.
Keeping lines well organized and drug infusions clearly and
obviously labeled, maintaining an uncluttered workspace, and
minimizing distractions are all important safety measures.

Applying systematic crisis management
techniques
Anesthesia Crisis Resource Management (ACRM) is an orga-
nized set of principles for managing crisis situations in anes-
thesia. Adapted from CRM in aviation by Gaba and colleagues,
it consists of the following principles:

� Seek assistance as soon as unusual circumstances are
recognized, inform others on the surgical team, and call for
extra assistance.

� Establish clear roles for each person involved in
management of the event, and identify who will manage
the event (the leader).

� Use effective communication processes, including reading
back instructions before they are carried out, and clearly
identifying who should carry out the instructions.

� Use resources effectively and identify what additional
resources (people, supplies, equipment, transportation,
etc.) are available to manage the situation.

� Maintain situational awareness and avoid fixations. One
person should act as the event manager who observes the
big picture rather than becoming immersed in details.

Following standards and practice guidelines
Standardizing practices is now widely accepted as a critical
component for safety and reliability, and the ASA has estab-
lished a large set of standards and guidelines. A list of common
practice standards can be found on the ASA Web site listed in
the “Suggested readings” section at the end of this chapter. Prac-
titioners should be familiar with such guidelines and should
know how and where to access them and apply themwhen nec-
essary.

Periodic training
Because critical events are relatively rare, it is important to prac-
tice skills periodically. Schwid demonstrated that advanced car-
diac life support (ACLS) skills are generallymaintained for only
approximately 6 months. Simulation is being used increasingly
for such training in anesthesia, and in some specialties simu-
lation has already become part of the evaluation processes of
accrediting agencies.

Involving the patient in safety and quality
Anesthesia providers can involve patients in their own care, thus
improving patient satisfaction and safety by

� Giving the patient information about the process of
anesthesia care that he or she will experience;
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� Encouraging the patient to speak up if he or she sees things
that he or she does not understand or that may not seem
appropriate (e.g., drugs that are being given, absence of
hand washing or wearing gloves);

� Involving the patient’s family members in care whenever
practical;

� Giving the patient your contact information so he or she
can notify you if he or she has any concerns or side effects
after the anesthetic; and

� Encouraging a policy of disclosing errors and adverse
events (a strategy that enhances trust and decreases
skepticism in concerned patients).

Risk management
Background
In its 1999 report – “To Err Is Human” – the IOM declared
that medical injury is a major cause of preventable deaths and
called on the health care industry tomake the reduction ofmed-
ical errors a priority.The IOM emphasized evidence from other
industries showing that faulty systems are the major cause of
errors and accidents, and it strongly recommended that health
care organizations focus their safety efforts in this area. In
response, a major national movement has been launched to
redesign health care systems.

In a subsequent report – “Crossing theQualityChasm” – the
IOM called on health care organizations to provide care that is
safe, effective, patient-centered, timely, efficient, and equitable.
There are two principles underlying the IOM recommendations
for responding to incidents:
1. We must commit ourselves to relentless self-examination

and continuous improvement.
2. Medical care must be patient-centered. After an incident,

the primary objective should be to support the patient and
maintain open communication by providing patients and
families with the details of incidents and their implications.

How should an institution respond?
A serious incident should trigger a cascade of responses. The
first concern should be the prevention of further harmand relief
of suffering. Members of the health care team and appropriate
administrative and clinical leadership should be promptly noti-
fied of the event.Thepatient and family should be told about the
event as soon as possible and provided with only the facts that
are known.They will probably need emotional and psychologi-
cal support, so this should be readily available. Finally, themed-
ical record should clearly document not only the event, but also
the disclosure and all supportive measures that are provided to
the patient and the family. It is important to note that caregivers
may also require psychological support, depending on the type
of event.

As soon as practical, all involved parties should participate
in an analysis of the event, in which they search for the underly-
ing systems failures. The goals of the analysis should be to gain

a full understanding of the circumstances involved in the event,
identify contributing factors, and develop practical recommen-
dations for systems changes designed to prevent a recurrence.

There are four essential steps in the full communication of
adverse events:

1. Tell the patient and family what happened, but leave details
of how and why for later. Determining the causes of an
adverse event requires careful analysis and is
time-consuming. Patients and their families are likely to
want immediate answers when you disclose the event to
them, but it is important to limit your discussion to known
facts and avoid speculation.

2. Take responsibility. Taking responsibility for an adverse
event is an essential step in the full communication of that
event.

3. Apologize. When there has been an error, one of the most
powerful things a caregiver can do to heal the patient and
him-/herself is to apologize. Even when the caregiver is not
at fault and system failures are responsible for the error, an
expression of sorrow for the undesirable outcome can be
helpful. Explaining the event, communicating remorse,
and making a gesture of reconciliation can do much to
defuse the hurt and anger that follows an injury.

4. Explain what will be done to prevent future events. After
the investigation is completed and corrective changes are
planned, it is important to inform the patient and family of
these plans. Injured patients have a strong interest in seeing
to it that what happened to them does not happen to
someone else.

Reporting
Incidents should be reported promptly to supervisors, risk
management, and other concerned parties to ensure appropri-
ate treatment and communication with the patient and family
and to facilitate institutional learning. Reporting is also neces-
sary to comply with specific mandates established by various
external regulatory agencies, such as the local department of
public health, state board of registration in medicine, the US
Food andDrugAdministration, or the Joint Commission. Prac-
titioners should be aware of such requirements in their area.
Providers and hospitals also have an obligation to notify their
liability insurance carriers of certain types of incidents, espe-
cially if there is a potential for future malpractice claims or
compensation.

Summary and conclusions
The delivery of care should be recognized as a complex matrix
of multiple providers, including both clinicians and facilities,
all interacting with one another. There are many opportunities
to improve patient care, and the pressure to improve the qual-
ity of perioperative care will continue to increase. The specialty
of anesthesia is recognized as a leader in patient safety, and
anesthesia providers can continue to provide leadership by
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implementing the IOM recommendations and adopting a
patient-centered approach to dealing with adverse events.
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138 Operating roommanagement: core principles
Richard D. Urman and Sunil Eappen

The operating room (OR) is an important part of the hospi-
tal because it is typically one of the biggest sources of revenue
and one of the largest areas of expense. Until the 1980s, OR
suites generated large profits and hospital administrators were
able to allow them a great deal of autonomy despite their ineffi-
ciency. This situation has changed dramatically due to increas-
ing requirements for cost containment in health care and a
demand for accountability to the federal and state government,
insurance companies, hospital administrators, surgeons, and
patients. Whereas there was little centralized leadership in ORs
of the past, ORmanagement is now a critical feature of success-
ful hospitals. A good management team must bring together
many diverse components of the hospital to function together
efficiently and effectively. Figure 138.1 shows a typical hospital
organizational structure and the parties involved in day-to-day
OR management.

ORmanager
There are at least four distinct stakeholders in the OR: hospi-
tal administration, nursing, anesthesiology, and surgery. Each
of these stakeholders has its own interests, and the ORmanager
must be able to balance the needs of these different groups to
maximize productivity and minimize conflict. The key charac-
teristics of an effective OR manager are listed in Table 138.1.

A more detailed job description of the OR manager can be
found on the Web site of the American Association of Clinical
Directors (AACD; www.aacdhq.org).

Anesthesiologists who have the characteristics listed in
Table 138.1 are particularly well-qualified to fill the OR man-
ager position because they typically have a constant presence
in the OR without the need for office hours, and they usually
have a clear understanding of OR processes. Hospital adminis-
trators may prefer anesthesiologists or nurses for the OR man-
ager position because their economic interests are often aligned
with those of the hospital.

A successful ORmanager must have the support of the hos-
pital CEO and the chairpersons of the departments of surgery,
nursing, and anesthesiology. It is necessary for all departments
to give up some of their own authority and control so that the
OR manager can run the OR in a manner that benefits every-
one. The OR manager must also have the support of his or her
own group, because the position will require time that could

otherwise be spent on group activities. For this reason, and also
to emphasize the neutrality of the ORmanager position among
all departments, the ORmanager and/or themanager’s practice
should be compensated by the hospital.

Scheduling and efficiency measures
The amount of revenue that an OR generates is dependent on
the number of surgical cases that are performed, so a signifi-
cant amount of time in OR management is spent on schedul-
ing. Surgical scheduling rules must be established, and a daily
schedule for both cases and OR staffmust be generated. Both of
these schedules are frequently modified to account for emer-
gency cases and differences between booked and actual case
times. The American Society of Anesthesiologists (ASA), The
American College of Surgeons, and the AmericanOrganization
of Registered Nurses have accepted the terminology presented
by the AACD in their glossary of operating roommeasures.The
complete glossary and standardized abbreviations are published
on their Web site, and individuals interested in accurately mea-
suring OR times should consult this comprehensive glossary.
Many of the terms that are seen in the anesthesia literature are
either AACD terms or are derived from AACD glossary terms.
We have included an abbreviated list of commonly used terms
in Table 138.2.

OR utilization is a popular concept that can be used differ-
ently depending on the desired analysis. Adjusted OR utiliza-
tion is defined as the amount of time an OR is used (in-OR

Table 138.1. Characteristics of an effective OR director

Has strong problem solving and organizational skills
Is even-tempered
Is able to commit a significant amount of nonclinical time
Is a strong clinician garnering respect of other clinicians
Has strong interpersonal and negotiation skills
Is able to understand business/financial concerns of institution and

physicians
Understands perioperative processes
Understands scheduling systems and information technology
Understands organizational dynamics and is able to understand divergent

needs and concerns of different stakeholders and bring them together
Is committed to overall performance of OR suite rather than individual

department

http://www.aacdhq.org
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Figure 138.1. Typical organizational chart for management of OR.

time + turnover time) divided by the total amount of time the
OR is staffed and available for the day (resource hours). The
AACD term for adjusted OR utilization is “adjusted-percent
utilized resource hours” (AURH). This measure tells you how
much of the day has been filled with scheduled OR time. Raw
OR utilization excludes turnover time in the calculation (in-OR
time/resource hours). Raw OR utilization gives a ratio of bil-
lable to total OR hours, and either unbooked time or exces-
sive turnover time will drive this value down. Decisions about
the allocation of OR time for a surgeon or a service are often
based on OR block utilization. Block utilization is defined as
the amount of time that an OR is scheduled by a particular
surgeon or service, divided by the total amount of block time

that this surgeon or service has been granted. This value may
exceed 100% because it typically includes hours that services
operate outside of their block time. A service that is consistently
at greater than 80% block utilization will typically have trouble
scheduling cases, so this number is frequently used as a guide
as to when the service should be granted more OR time.

It is important to remember that factors other than block
utilization may need to be considered for decisions regarding
more or less OR time. For example, trauma services that are
important to the community may require an unscheduled OR
that is always ready for an emergency.The resulting low utiliza-
tion rates will be acceptable if trauma is part of the hospital’s
mission.

Table 138.2. Sample of OR efficiency terms

Resource hours
or
Allocated OR time

Time scheduled for OR to be staffed and available for performance of procedures

In-OR time Total time that ORs have patients in them per day during resource hours

Raw OR utilization (In-OR time/resource hours) × 100

Adjusted OR utilization
or
Adjusted-percent utilized resource hours

(In-OR time + turnover time) × 100/resource hours

Block utilization
or
Adjusted-percent service utilization

(In-OR time + turnover time) for day’s cases × 100/block time

Induction complete
or
Anesthesia ready

Time when patient handed over to surgeon for positioning, surgical prepping,
and draping

Induction time Time from when patient enters OR to Induction complete

Surgical controlled time Time from induction complete to when last dressing is placed

Emergence time Time from last dressing is placed to when patient is ready to transfer

Anesthesia controlled time Induction time + emergence time

Turnover time Time from when one patient leaves the OR to when the next patient arrives into
the OR

First case starts Routinely measured as percentage of ORs in which the first scheduled patient
arrives into the OR prior to or at scheduled start time
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Open scheduling versus block scheduling
Traditionally, OR schedules were filled on a “first-come, first-
served” basis that assumed that any case could be performed in
any room and that all anesthesiologists and nurses could handle
the different surgeries equally well. Increasingly complex cases
with specialized equipment and teams have led to a more orga-
nized system of assigning rooms to specific surgeons or ser-
vices and guaranteeing them specific time slots. This method
of scheduling allows specialized equipment to remain in desig-
nated ORs (e.g., cardiopulmonary bypass circuits, laparoscopic
equipment/displays) and for specific teams to work in these
areas consistently. Block scheduling smoothes the variability in
OR case volume by giving greater predictability to surgeons
when booking their cases. It also creates more accountabil-
ity when evaluating case volume expectations and targets for
hospitals, surgeons, nurses, and anesthesiologists. In general,
blocks appear toworkmore efficientlywhen they are assigned to
specific services rather than to surgeons. Additionally, full day
blocks are preferable to partial day blocks because they elimi-
nate the possibility of delayed starts for a second service due to
preceding cases running longer than expected. Block booking
may not work well in ORs with high numbers of emergent cases
that disrupt the schedule; in such situations, open scheduling
for one or more rooms may lead to higher OR utilization and
patient satisfaction.

A key part of block scheduling is having specific rules in
place that govern how OR time is allocated. Release time is
defined as the number of hours before the scheduled time of
surgery when a block of time must be either booked or released
for use by others. Release times for specific services should
reflect the nature of their cases. For example, cardiac surgery
typically has short release times due to the urgent nature of
many of their cases, whereas plastic surgery has longer release
times because their cases are almost exclusively elective.

Turnover time
Much energy and money has been expended on decreasing
turnover time, which is defined as the time between when one
patient has left theOR and the next one arrives. From a business
perspective, it makes sense to reduce turnover time, because no
revenue is generated while there is no patient in the OR. Unfor-
tunately, a number of studies have revealed that even maximal
improvements in turnover time will usually not open enough
time in the schedule to allow additional case bookings later in
the day. Efficient turnover during the course of the day, however,
may lessen overtime in a busyOR leading to lower expenses and
improved morale of the staff.

A number of functions need to be completed during
turnover time:

� Room cleaning;
� OR table setup with sterile equipment;
� Anesthesia equipment cleaned and restocked;

Table 138.3. OR efficiency metrics to be measured

Overtime hours of OR staff
Scheduled start times to actual start time difference for all scheduled cases
Case cancellation rate
Contribution margin per hour or per OR per day
Turnover times
Prolonged turnover times (turnover times > 60 min)
PACU or ICU admission delays (cumulative number of minutes)
Scheduled case time to actual case time difference for all scheduled cases

� Patient taken to PACU/ICU, vital signs checked, patient
signed off to PACU nurse;

� Medications reconciled and new ones checked out;
� Next patient greeted (anesthesiologist and OR nurse);
� Preoperative assessment including surgical and

anesthesiology consent, surgical reassessment, review of
plans, and site verification;

� Intravenous lines/block placed; and
� Anesthesia equipment checkout performed.
From the list above, it should be apparent that turnover time is
dependent on many different factors.

OR efficiency
OR efficiency is a difficult concept to contain in any one sin-
gle measurement. Macario and colleagues recently described a
set of criteria and a scoring system that hospitals and OR man-
agersmay consider in determining the overall efficiency of their
ORs. Table 138.3 lists the suggested metrics. All of these factors
may not apply to every OR suite, but this is the first set of met-
rics that has met with some acceptance and uses measures that
are readily available in most ORs. Hospital administrations are
now beginning to benchmark their metrics against comparable
institutions to identify opportunities and techniques that may
improve efficiencies.

Additional cost-control measures
In 1994, the ASA formed an ad hoc committee on value-based
anesthesia care to promote the best patient outcomes at themost
reasonable costs. The committee wrote that the optimal choice
of anesthesia management depends on maximizing the posi-
tive aspects of health, function, and satisfaction while minimiz-
ing the negative aspects of mortality, morbidity, and expense.
Indeed, health care realities mandate that the costs of drugs,
equipment, and time be incorporated into every anesthesiolo-
gist’s decision-making process. Anesthesiologists control large
amounts of expensive resources, and their decisions affect the
finances of patients, hospitals, and insurers. It is important to
practice evidence-based anesthesia, promote departmental dis-
cussions of costs and goals, define permissible activities for sales
representatives, minimize waste, and develop practice guide-
lines for expensive drugs and technologies. Practitioners should
also be provided with personalized anesthetic usage costs and
patient outcomes feedback, including peer comparisons.

857



Part 26 – Management Aspects of Anesthesia Practice

Physician credentialing
Diligence in physician credentialing and privileging is critical
to high-quality care in the OR. The purpose of credentialing is
to assure patients and third-party payers that the highest quality
of health care is being provided by a professional staff selected
according to a rigorous evaluation process based on qualifica-
tions and other objective criteria. Critical elements in the cre-
dentialing process include professional degrees conferred by
accredited educational institutions, current and unrestricted
professional licensure, postgraduate residency training, fellow-
ship training, specialty board certification, professional stand-
ing as judged by peer review processes, physical health, and
psychological well-being. Specific OR privileges for surgeons
and anesthesiologists are determined by specialty training, cer-
tification, experience, and demonstrated competence. Recre-
dentialing and reprivileging are required regularly and should
be based on a critical appraisal of professional performance
through peer review and continuous quality improvement
(CQI)monitoring.TheASAGuidelines forDelineation of Clin-
ical Privileges in Anesthesiology are referenced for the reader’s
convenience.
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Chapter

139 Practice management
Ross J. Musumeci

Introduction
Practice management includes the functions that are neces-
sary to support the business and clinical operations of an anes-
thesia practice. The complexity of business operations that are
required for each practice and the mix of physicians and non-
physicians that fill those roles will vary depending on the size
and objectives of the practice. This chapter describes the differ-
ent components within practicemanagement and acquaints the
reader with important aspects of each one.

Contracting
Contracting is the process of negotiating a formal agreement
with outside entities that defines the nature of your business
relationship. Anesthesia practices typically negotiate profes-
sional service contracts with health care facilities, insurers, and
employees. It is the role of the practice management team to
negotiate these contracts with the aid of legal counsel.

Professional service agreements negotiated with a health
care facility define the relationship between the anesthesia
group and the facility. Among other things, these contracts usu-
ally describe the expectations that the hospital has of the anes-
thesia group, the methods that the anesthesia group will use
to fulfill those expectations, the resources that the hospital will
provide in support of the group’s efforts, and the options that
each side has if the other does not fulfill its side of the agree-
ment. When structuring hospital contracts it is a good idea to
carefully define which services the practice is obligated to pro-
vide and to clarify those services that are not included. Hospi-
tal contracts may also include an agreement about the level of
financial support that the hospital will provide to the anesthe-
sia group.Themore time you spend up front creating a contract
that is specific, the less likely it is that you will encounter a mis-
understanding later.

Agreements must be secured with insurers to determine the
level of reimbursement to which the practice will be entitled
and the nature of the interaction among the insurer, its clients,
and the practice. Collectively, these contracts define the level
of income to which the practice is entitled, so a great deal of
emphasis should be placed on securing the most favorable con-
tracts possible.

Employment agreements form the basis for the relation-
ship between the practice and its employees, and they typ-
ically specify compensation and the responsibilities of the
employer and employee. It is worth spending some time to cre-
ate good employment agreements to avoid misunderstandings
after employment begins.

Billing and collections
Whereas contracting determines the level of revenue to which
the practice is entitled, the billing and collections department
performs the activities necessary to actually collect the money
associated with the physician’s services.Themedical industry is
unlike many others in that the actual amount received for a ser-
vice is indeterminate at the time the service is rendered,making
aggressive and thorough follow-up on claims important.

The typical activities within a billing and collections depart-
ment are outlined in Table 139.1. It is important to make sure
that providers are credentialed with each insurer. If credential-
ing is not completed prior to providing services, the insurermay
deny reimbursement.

Anesthesia records generated when services are rendered
typically provide the basis for charges that are submitted to
third-party payers.These records, alongwith any necessary sup-
plemental documentation, are forwarded to the billing office for
processing. There should be a mechanism to reconcile records
that the billing office receives against cases that were actually
performed on any given day to ensure that no charts are lost
during transport. After charts are received by the billing office,
patient demographic information is entered and the charts are
then scanned for the relevant diagnoses and procedures.

Table 139.1. Billing and collections

Insurer credentialing
Demographics entry
Coding
Chart auditing
Claims processing
Cash posting
Collections and follow-up
Reporting
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The diagnoses and procedures must be “coded” by con-
verting diagnoses and procedures to Current Procedural Ter-
minology (CPT) codes, International Classification of Diseases,
9th Revision, Clinical Modification (ICD-9-CM) codes, and
American Society of Anesthesiology (ASA) codes. CPT codes
describe the medical, surgical, and diagnostic services that
are performed by physicians and other health care providers.
ICD-9-CM codes are used to code signs, symptoms, injuries,
diseases, and conditions.The diagnosis indicated by the ICD-9-
CM code must support the medical necessity of the procedure
defined by the CPT code. CPT codes may be used when a flat
fee is charged for services, such as arterial line placement, but all
time-based billing requires that the CPT code be converted or
“cross-walked” to a corresponding ASA code.The ASA updates
and publishes ASA codes each year and structures them so that
almost every CPT code has at least one corresponding ASA
code, but in most cases ASA codes are further broken down
to allow for greater anatomic specificity. It is extremely impor-
tant to code accurately so that the practice can avoid rejections,
which cause a delay in reimbursement. Prior to submission,
charts should also be audited to ensure that they are in full com-
pliance with documentation and billing guidelines as required
by theAmericanMedical Association and theCenters forMedi-
care and Medicaid.

After coding has been performed, claims processing can
begin. This processing consists of charge capture, where infor-
mation and coding are transferred from the chart to the actual
billing instrument, and submission of the billing instrument to
third-party insurers. Claims personnel should (1) have a mech-
anism for tracking the status of outstanding claims, and (2) fol-
low up quickly on those that have either been rejected or have
not received a timely response. Cash-posting personnel pro-
cess all payments and match them to outstanding claims. They
should ensure that payment amounts match the fee schedule
agreed to by the insurer and should appeal any lowor inaccurate
payments. Given the varied ways in which claims are processed
by different insurance companies, and the fact that many claims
still require human intervention for processing, it is imperative
that the practice have an effective way to monitor payer con-
tract performance. Specifically, an allowablemonitoring system
is a required function of the billing department (with oversight
from the finance department) in which all reimbursements are
matched against contracted rates to ensure that there are not
underpayments or overpayments made by payers. After a cor-
rect payment has been received, the claim is closed. In the event
that payment is not received within a reasonable time frame
despite appropriate follow-up, the claim is submitted to the col-
lections department. Many groups outsource this function for
older claims so that they can free resources to pursue more cur-
rent claims that they are more likely to collect.

Billing and collections departments should also be able to
provide the practice with reports of their activities. Some of
the common reports that a billing department can provide are
shown in Table 139.2. Basic performance of the billing and col-
lections department can be readily ascertained by examining

Table 139.2. Reports and descriptions

Report Description

Gross revenue Gross charges prior to contractual allowances
Contractual
allowances

Discounts given to insurers off of full rates

Net revenue Charges net of contractual allowances
Net income Excess of all revenues and gains over all expenses

and losses for a period
Net collection ratio Total collections divided by net charges
Bad debt Uncollectible accounts
AR Claims against payers (or other debtors) that are

not yet collected
Average collection
period

Average number of days from time of service to
collection; also referred to as Days Outstanding
in AR or Days Sales Outstanding (DSO)

Aging report Breaks AR into buckets based on time since
service provided

Payer mix ratio Ratio of each payer’s gross charges to total gross
charges; can also be calculated with net
charges

the size of accounts receivable (AR), average collection period,
the percentage of bad debt, and the age of AR. Upward trends
in any of these metrics are undesirable and should prompt an
investigation into the causes.

In general, an average collection period of less than 60 days
is desirable, but it is not uncommon to see practices with aver-
age collection periods of more than 100 days. It is advisable to
keep this value as low as possible. A typical aging report shows
the amount of AR in the categories of up to 30 days, 60 days,
90 days, and older than 120 days. In general, the older the claim
the harder it is to collect, so an increase in older claims is a sig-
nificant finding that should be examined immediately.

It is advisable to evaluate the payer mix ratio of a hospital
and to follow it over time.The significant disparity between gov-
ernmental and nongovernmental payers that currently exists in
reimbursement for anesthesia services makes it essential that
the practice administrator knows exactly what this ratio is and
understands its implications for profitability and the possible
need for financial support from the hospital.

Scheduling
The scheduling department controls clinical personnel – the
primary asset a practice uses to generate revenue and also its
largest expense. It follows that this department has a major
impact on expenses, revenues, and net income. In small prac-
tices, the scheduling function will be easier, but, as practice size
increases, the complexity of scheduling can increase rapidly and
can require significant resources.

There are several types of schedules that must be completed
for the routine operation of an anesthesia practice. A daily
schedule must be created to determine the personnel who are
allocated to a given hospital each day and the locations to which
they are assigned within that hospital.

Methods for creating on-call and vacation schedules must
incorporate safeguards to ensure fairness. Aside from the
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Table 139.3. HRM functions

Recruiting and hiring
Hospital credentialing
Maintaining a positive workplace environment
Personnel development and training
Ensuring that personnel and management practices conform to various

regulations
Managing company’s approach to compensation and benefits
Maintaining employee records and personnel policies
Performing employee evaluations
Dealing with employee relations, performance issues, and termination

obvious need to schedule these two items in a way that is consis-
tent with safe and efficient practice operations, the most impor-
tant aspect of the scheduling system is that it is perceived to be
fair by the individuals that it affects. Anything that can be done
to make the process and the results transparent to the involved
individuals usually helps. A lack of transparency and perceived
unfairness in these areas can cause a decrease in morale.

Human resources
Theprimary product of an anesthesia practice is the service that
its personnel provide.Without good personnel, the product suf-
fers. Good human resource management (HRM) is essential to
a successful practice, especially in the competitive personnel
market of today. An effective HRM department can improve
employee retention leading to better customer service and a
competitive advantage for the company.The essential functions
of an HRM department are broad and include the items shown
in Table 139.3.

Shortages of both anesthesiologists and nurse anesthetists
havemade recruiting and hiring qualified personnel an increas-
ingly difficult and important task, and a goodHRMdepartment
will devote a significant amount of time to this task. It is impor-
tant to remember that the cost of hiring a new employee and
orienting and training him or her is usually greater than retain-
ing existing employees. For this reason, the HRM department
should also spend a significant amount of time on employee
retention.

Development, training, and continuing education are a
means to keep employees stimulated and interested and can lead
to improved productivity and better morale. Retention is also
dependent onmaintaining a workplace that is pleasant and free
of hostility. Issues of discrimination and harassment have impli-
cations for both employee retention and company liability, and
it is the job of the HRM department to manage any issues that
arise in this area.

Competing for personnel on the basis of salary alone is
difficult and costly, but a flexible and creative benefits pack-
age may attract employees despite a lower salary offer. It is
important that employees understand their total compensa-
tion, so the HRM department must both structure the ben-
efits program well and communicate its contents and value
effectively. Without good communication, the practice may
be wasting its money on the program. Employee evaluations

provide an opportunity for the practice to improve the qual-
ity of the service its employees provide, but only if the pro-
cess is managed in a professional and fair manner. Evaluations
must be done as objectively as possible and with a means for
appeal in the event that an unfavorable evaluation is deliv-
ered. Results should be delivered in a sensitive and confiden-
tial manner and with constructive intent. In the event that
evaluations are not successful in altering poor performance and
termination is considered, it is the job of the HRM depart-
ment to ensure that (1) the employee is treated fairly and in
accordance with all applicable laws, and (2) appropriate doc-
umentation is obtained prior to termination. For employees
who self-terminate, HRM departments will frequently try to
obtain competitive information by conducting exit interviews
with departing employees. Issues related to termination, dis-
crimination, or any type of harassment in the workplace should
cause a practice’s manager to consider early consultation with a
labor attorney. The applicable law is complex, court decisions
can result in treble damages, and the losses are not insur-
able. Furthermore, conflicts related to employment disagree-
ments are usually fraught with emotion. For all of these reasons,
issues related to termination, discrimination, and harassment
in the workplace are dangerous to address without professional
advice.

Human resource information systems are frequently used
and can be helpful. When choosing a system, make sure that
it is multifunctional and reduces redundant processing of
information such as payroll and accounting. A good system
should also track compliance items, such as the continuation
of health insurance under Consolidated Budget Reconciliation
Act (COBRA) or Family andMedical Leave Act (FMLA) issues,
because noncompliance can be costly.

Finance
The finance department is responsible for managing all finan-
cial aspects of the practice, including accounts payable, payroll,
expense reimbursement, revenue and expense tracking, cre-
ation of financial reports, and preparation of tax documents.
This department is also responsible for helping to create and
enforce financial controls, which are policies and procedures
meant to safeguard assets within the company.

To understand financial reports, the practice manager must
understand the difference between cash-based and accrual-
based accounting. Cash-based accounting requires that revenue
be recognized when money is received and expenses be recog-
nized when payment is made. This idea is in contrast to that
of accrual-based accounting, in which revenue is recognized
when it is earned by providing a service, and expenses are recog-
nizedwhen they are incurred regardless ofwhenmoney actually
changes hands. Smaller practices may use cash-based account-
ing, but larger practices will almost exclusively use accrual-
based accounting because it is considered to be more accurate
and better able to give a clear picture of practice performance
at any given time. Analysis of financial reports should be
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undertaken with the intent of understanding past performance
and finding ways to improve future performance. Reports
should be analyzed on a regular basis, and attention should be
paid to trends as well as to overall amounts in both expense and
revenue line items.Good reports should be timely, accurate, and
simple (but with enough detail to provide necessary informa-
tion). The financial reports that are most commonly reviewed
are the balance sheet, the income statement, and the statement
of cash flows.The balance sheet is prepared on a single date, and
it gives the reader a snapshot of the financial condition of the
practice at that single moment in time. In contrast, the income
statement reports revenues, expenses, and net income over a
defined time period, so it provides amoving picture of the com-
pany’s performance. Finally, the statement of cash flows reports
on sources and uses of cash over a defined time period and tells
the reader what the change in cash balances was during the time
period. This statement is useful in accrual accounting because
the other statements do not directly report on the cash status of
the company.

The finance department is also responsible for assisting
management in forecasting revenue and budgeting expenses.
The process of budgeting and forecasting can be time-
consuming, but it is time well spent. It requires thoughtful con-
sideration of the current business environment, the resources
that the practice will need, as well as existing opportunities and
the likelihood that the practicewill be able to capitalize on them.
Considering all of these elements and their financial implica-
tions at a time when the information is actionable is far better
than waiting to analyze financial data after the fact.

The creation of pro forma cash flow and income statements
can also be useful if the practice is considering new hospital
contracts or new investments of any kind. Pro forma statements
are projected financial statements that are targeted to a specific
initiative and are meant to show the expected cash flows, rev-
enues, expenses, and net income from the project under con-
sideration. Creation and analysis of these reports, along with a
critical review of the assumptions that go into creating them,
lessen the chance of the practice making an unprofitable deci-
sion on a new project or contract.

Risk management
Risk management is covered in another chapter, so comments
here will be limited to those that apply directly to the busi-
ness operations of the anesthesia practice. The risk manage-
ment department is responsible for dealing with the possibil-
ity that future events may cause harm to the practice. Every
anesthesia practice engages in some form of risk management,
but the complexity of risk management activities varies widely
based on the size of the practice and its organizational goals.
Smaller practices tend to have simple structures with minimal
personnel.They may have physicians performmany of the rou-
tine risk management activities and depend on their hospital’s
professional risk manager or the risk manager for their profes-
sional liability carrier in the event of an adverse outcome. Larger

practices are likely to have a more complex arrangement, up to
and including employment of their own risk manager and the
creation of a captive insurance company.

At its most basic level, risk management involves exam-
ining an organization to determine what can go wrong, what
should be done to prevent adverse events, what should be done
to manage adverse events after they occur, and how the prac-
tice will pay for adverse events that are compensable. This
examination usually involves establishing andmanaging formal
quality assurance–quality improvement programs, conducting
analyses of adverse events, managing litigation, performing
risk analysis of policy and procedure, and engaging in com-
munication and education for the purposes of risk reduction.
The key components of a properly structured risk management
program include a user-friendly reporting system, a method
for collection and review of data with the ability to identify
trends and implement strategies to decrease risk, access to a
risk manager and counsel, and strict attention to evidentiary
protections when structuring the program. Some states provide
limited protection for work products related to peer review or
quality improvement, but this protection differs from state to
state and is subject to judicial interpretation and balancing the
plaintiff ’s interest in discovery against the public policy inter-
est in peer review and quality improvement. The risk manager
who is structuring your program should make sure that he or
she is familiar with the particular evidentiary protections avail-
able in your state and must alter the program to keep up with
any changes in these laws so that documents created as part of
your risk management program will not be discoverable in a
malpractice case.

Although not all risk managers work directly with brokers
for the purpose of securing the organization’s insurance, it is
essential for the risk manager to play a role in this process. A
broker will usually secure bids frommultiple vendors to obtain
cost-effective malpractice insurance and will present the bids to
the risk manager and other designated individuals within the
organization. When examining bids from malpractice insurers
it is important to consider all aspects of the potential insurer
including size, financial strength, reputation, length of time
writing malpractice policies, and ratings by independent insur-
ance rating organizations. It is also important to consider the
level and quality of service they provide when claims are made.
The best way to determine level and quality of service is to
contact colleagues who have been sued while covered by the
company. Additional weight should be given to bids from com-
panies whose main product is professional liability insurance,
particularly those that have provided at least 10 years of profes-
sional liability service in the same geographic area as the prac-
tice because experience with the local court system and defense
attorneys is valuable when mounting a malpractice defense.

Some larger practices have attempted to gain more control
over theirmalpractice costs and administration by self-insuring
using on- or offshore captive insurance companies. Commer-
cial malpractice insurance rates are partially dependent on the
history of claims throughout the entire malpractice market.
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Self-insuring can result in malpractice insurance rates being
more dependent on the claims history of the practice being
insured, so a practice with a good claims history may be able to
lower malpractice insurance rates. It is important to note that
setup and ongoing administrative costs are considerable and
that a practice that is not already paying at least 1 million dol-
lars in malpractice insurance premiums will probably not find
it cost-effective to self-insure. The practice must also be large
enough and have a long enough history for the actuarial analy-
sis that determines its premiums to be reliable.

The Health Insurance Portability and
Accountability Act of 1996
The Health Insurance Portability and Accountability Act of
1996 (HIPAA) deserves special mention because it has a signif-
icant impact on many aspects of practice management. Title II
of the act addresses the security and privacy of health data stat-
ing that “reasonable and appropriate” safeguards must be taken
to protect the integrity and confidentiality of health informa-
tion. Following from the requirements of Title II, the Depart-
ment of Health and Human Services (DHHS) has created five
rules: the PrivacyRule, the Transactions andCode Sets Rule, the
Security Rule, theUnique Identifiers Rule, and the Enforcement
Rule.These five rules apply to all covered entities, which include
health plans, billing services or health care clearinghouses of
other types, and health care providers.

The Privacy Rule requires covered entities to protect the pri-
vacy of certain individually identifiable health data called Pro-
tected Health Information (PHI). It also establishes regulations
for the use and disclosure of PHI, which includes any part of a
patient’s medical record or payment history. PHI must be dis-
closed to the patient on request, when required by law, or to
facilitate treatment or payment or to third parties when consent
has been given by the individual, but disclosure must be limited
to the minimum amount necessary to achieve the required pur-
pose.When PHI is disclosed, the disclosing entity is required to
notify the individual and to keep track of any such disclosures.

The Security Rule deals specifically with electronic PHI and
it requires the practice to institute administrative, physical, and
technical safeguards. Administrative safeguards include poli-
cies and procedures that showhow the practicewill complywith
the act. Physical safeguards protect against unauthorized access
to hardware and software, and technical safeguards should pro-
tect against interception of PHI that is transmitted electroni-
cally.

The Enforcement Rule sets monetary penalties for noncom-
pliance with any of the above rules. It is important that the prac-

ticemanager be aware of all rules pertaining to the protection of
PHI and to enact policies and procedures that will ensure com-
pliance so that enforcement actions are avoided.

A full discussion of HIPAA is beyond the scope of this text,
but practice managers should be fully versed in all aspects of
Title II. All five of the above rules are relevant to practice man-
agement, and this chapter has only highlighted some of the
major requirements of these rules. The reader is referred to the
Centers for Disease Control and Prevention (CDC) and DHHS
Web sites for further information.

Suggested readings
Adessa J. Endangered species, hospital based anesthesia groups. ASA

Conference on Practice Management 2008; Tampa, FL, pp. 65–83.
Bierstein K. Anesthesia and Pain Medicine Coding Changes for 2003.

ASA Newsletter, Nov 2002, Vol. 66(11). Available at: http://www
.asahq.org/Newsletters/2002/11 02/pracMgmt.html.

Centers for Disease Control and Prevention (CDC). HIPAA Privacy
Rule and Public Health Guidance from CDC and the U.S.
Department of Health and Human Services. Available at: http://
www.cdc.gov/MMWR/preview/mmwrhtml/su5201a1.htm.

Centers for Medicare & Medicaid Services (CMS). HIPAA General
Information. Available at: http://www.cms.hhs.gov/
HIPAAGenInfo/.

Davis KS, McConnell JC. Data management. In: Carroll R (ed.). Risk
Management Handbook for Health Care Organizations. 2nd ed.
Chicago: American Hospital Publishing; 1997:353.

Hagg-Rickert S. Elements of a risk management program. In: Carroll
R (ed.). Risk Management Handbook for Health Care
Organizations. 2nd ed. Chicago: American Hospital Publishing;
1997:35–37.

Hawawini G, Viallet C. Finance for Executives-Managing for Value
Creation. 2nd ed. Cincinnati: South-Western; 2001.

Manuel BM. How to select professional liability insurance. Bull Am
Coll Surg 2000; 85(2):17–19. Available at: http://www.facs.org/ahp/
proliab/manuel0200.pdf.

McNamara C. Human Resources Management. Free Management
Library. Available at: http://www.managementhelp.org/hr mgmnt/
hr mgmnt.htm#anchor722373.

Riebolt JM. Financial Management of the Medical Practice. 2nd ed.
Chicago: AMA Press; 2002.

CRICO/RMF. Risk Management Essentials. RMFInteractive, October
2004; Issue 5. Available at: http://www.rmf.harvard.edu/
research-resources/articles/risk-management-essentials.aspx.

Schlotter W. Role of the practice administrator. ASA Conference on
Practice Management 2008; Tampa, FL, 190–198.

Stickney CP, Weil RL. Financial Accounting: An Introduction to
Concepts, Methods, and Uses. 9th ed. Orlando, FL: The Dryden
Press; 1997:912.

ASHRM. Strategies and tips for maximizing failure mode and effect
analysis in your organization. White Paper, July, 2002. Available at:
http://www.ashrm.org/ashrm/resources/files/FMEAwhitepaper
.pdf.

863

http:�egingroup count@ "002Felax elax uccode `unhbox voidb@x �group let unhbox voidb@x setbox @tempboxa hbox {count@ global mathchardef accent@spacefactor spacefactor }accent 126 count@ egroup spacefactor accent@spacefactor uppercase {gdef /{${sim }{}$}}endgroup setbox 0hbox {/}/protect �egingroup def MessageBreak {
               }immediate write @unused {
LaTeX Warning: Unicode entity &#x002F; undefined.
}endgroup immediate write @entityout {UnicodeCharacter{x002F}{}
}�egingroup count@ "002Felax elax uccode `unhbox voidb@x �group let unhbox voidb@x setbox @tempboxa hbox {count@ global mathchardef accent@spacefactor spacefactor }accent 126 count@ egroup spacefactor accent@spacefactor uppercase {gdef /{${sim }{}$}}endgroup setbox 0hbox {/}/protect �egingroup def MessageBreak {
               }immediate write @unused {
LaTeX Warning: Unicode entity &#x002F; undefined.
}endgroup immediate write @entityout {UnicodeCharacter{x002F}{}
}wwwelax penalty -@M .asahq.org�egingroup count@ "002Felax elax uccode `unhbox voidb@x �group let unhbox voidb@x setbox @tempboxa hbox {count@ global mathchardef accent@spacefactor spacefactor }accent 126 count@ egroup spacefactor accent@spacefactor uppercase {gdef /{${sim }{}$}}endgroup setbox 0hbox {/}/protect �egingroup def MessageBreak {
               }immediate write @unused {
LaTeX Warning: Unicode entity &#x002F; undefined.
}endgroup immediate write @entityout {UnicodeCharacter{x002F}{}
}Newsletters�egingroup count@ "002Felax elax uccode `unhbox voidb@x �group let unhbox voidb@x setbox @tempboxa hbox {count@ global mathchardef accent@spacefactor spacefactor }accent 126 count@ egroup spacefactor accent@spacefactor uppercase {gdef /{${sim }{}$}}endgroup setbox 0hbox {/}/protect �egingroup def MessageBreak {
               }immediate write @unused {
LaTeX Warning: Unicode entity &#x002F; undefined.
}endgroup immediate write @entityout {UnicodeCharacter{x002F}{}
}2002�egingroup count@ "002Felax elax uccode `unhbox voidb@x �group let unhbox voidb@x setbox @tempboxa hbox {count@ global mathchardef accent@spacefactor spacefactor }accent 126 count@ egroup spacefactor accent@spacefactor uppercase {gdef /{${sim }{}$}}endgroup setbox 0hbox {/}/protect �egingroup def MessageBreak {
               }immediate write @unused {
LaTeX Warning: Unicode entity &#x002F; undefined.
}endgroup immediate write @entityout {UnicodeCharacter{x002F}{}
}11_02�egingroup count@ "002Felax elax uccode `unhbox voidb@x �group let unhbox voidb@x setbox @tempboxa hbox {count@ global mathchardef accent@spacefactor spacefactor }accent 126 count@ egroup spacefactor accent@spacefactor uppercase {gdef /{${sim }{}$}}endgroup setbox 0hbox {/}/protect �egingroup def MessageBreak {
               }immediate write @unused {
LaTeX Warning: Unicode entity &#x002F; undefined.
}endgroup immediate write @entityout {UnicodeCharacter{x002F}{}
}pracMgmt.html
http://www.cdc.gov/MMWR/preview/mmwrhtml/su5201a1.htm
http://www.cdc.gov/MMWR/preview/mmwrhtml/su5201a1.htm
http://www.cms.hhs.gov/HIPAAGenInfo/
http://www.cms.hhs.gov/HIPAAGenInfo/
http://www.facs.org/ahp/proliab/manuel0200.pdf
http://www.facs.org/ahp/proliab/manuel0200.pdf
http://www.managementhelp.org/hr_mgmnt/hr_mgmnt.htm#anchor722373
http://www.managementhelp.org/hr_mgmnt/hr_mgmnt.htm#anchor722373
http://www.rmf.harvard.edu/research-resources/articles/risk-management-essentials.aspx
http://www.rmf.harvard.edu/research-resources/articles/risk-management-essentials.aspx
http://www.ashrm.org/ashrm/resources/files/FMEAwhitepaper.pdf
http://www.ashrm.org/ashrm/resources/files/FMEAwhitepaper.pdf


Chapter

140 Principles of medical ethics
Robert J. Klickovich and Rae M. Allain

Anesthesiologists are obligated to adhere to basic ethical prin-
ciples in their practice. These principles primarily serve to pro-
tect the patient’s interest, but are also applicable to other areas
of professional conduct, including interactions with colleagues.
This chapter will discuss basicmedical ethics and describe com-
mon situations for the anesthesiologist in which ethical issues
are paramount. Knowledge of ethical behavior is important
given the anesthesiologist’s role when patients are rendered
unconscious and thus vulnerable due to either illness or inten-
tionally administered medications.

Principles of consent
Autonomy, derived from theGreek roots autos (self) and nomos
(rule), is widely accepted in our society, and it follows that
patients have a right to self-determination. Patients may accept
or refuse treatments after being presented with the necessary
information, including the expected risks, benefits, and possi-
ble alternatives to a procedure. This dialogue between patient
and physician is part of the informed consent process, which
precedes the induction of anesthesia in elective circumstances.
An inherent assumption of informed consent is that the patient
understands the information and has the capacity for decision
making. If the anesthesiologist questions whether a patient has
this capacity (such as in the demented or delirious patient),
then a formal assessment by a psychiatrist may be warranted.
In such circumstances, a surrogate decisionmaker can be called
on.This surrogatemay be the patient’s health care proxy (some-
times termed “durable power of attorney for health care”) if the
patient had designated such an individual previously. Alterna-
tively, the patient’s next of kin or close friend may be desig-
nated as the surrogate decision maker. It is incumbent on this
individual to make decisions congruent with the patient’s prior
expressed wishes or values and not to choose based on what he
or shewouldwish for him- or herself. If the patient has prepared
advance directives (written documents describing what treat-
ments or goals of care the patient would wish if incapacitated),
these wishes should be respected by surrogates in the decision-
making process. Advance directives may include a health care
proxy designation and/or a “living will.” The special circum-
stance of the pediatric patient mandates a surrogate decision
maker for consent, usually a parent or legal guardian. Depend-
ing on the child’s age, he or she may participate in the informed

consent discussion and render preferences. For example, a child
may choose between an inhalation and an intravenous induc-
tion. Similarly, this dictum of involving patients in the explana-
tion of the procedure and inviting their input where appropriate
may be applied to patients lacking full capacity, such as the adult
patientwith developmental delaywhose guardian provides con-
sent for the procedure.

The informed consent process requires the anesthesiologist
to disclose information regarding the anesthetic procedure.The
consent process should meet the “reasonable person standard.”
This means that any reasonable person would be satisfied that
the patient was fully informed of all material information prior
to signing the consent form.The specifics of the level of disclo-
sure and the amount of detail cannot be precisely defined and
will vary with the individual patient and procedure. The anes-
thesiologist should be aware that informed consent is a process
of communication between provider and patient and that no
rote or standardized formcan guarantee protection against legal
recourse by the patient. A prudent approach seeks to offer the
patient as much information as he or she wishes, with ample
opportunity to answer the patient’s questions at the conversa-
tion’s conclusion.

Emergency circumstances may preclude the informed
consent process. In such situations, both surgeon and anesthesi-
ologist should agree that the procedure requires emergent inter-
vention to prevent permanent harm to the patient, and this
should be documented in the medical record. In the absence
of known advance directives, full treatment options should be
pursued until such time as the patient’s directives become clear.

Religious and cultural beliefs
Modern medicine dictates respect for varying cultural and reli-
gious beliefs. For the anesthesiologist, a common situation is
the refusal of blood transfusions by patients who are Jeho-
vah’s Witnesses. Members of this religion may interpret bibli-
cal scripture as prohibitive of transfusion, including the strict
penalty of loss of eternal salvation. Interpretation of this pro-
hibition of blood transfusion varies among Jehovah’s Witnesses
and, therefore, a careful andprivate discussion should take place
between the anesthesiologist and the Jehovah’sWitness present-
ing for surgery.The purpose of this discussion is to delineate the
patient’s wishes regarding transfusion. The discussion should
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include preoperative preparation for blood conservation, con-
sideration of deliberate hypotension or hypothermia, hemodi-
lution, autologous donation, erythropoietin, and transfusion of
synthetic colloid preparations (e.g., albumin). Many Jehovah’s
Witnesses will allow the use of red blood cell salvage, especially
if the circuit is kept in continuity with the patient’s circulation
in a “closed” fashion. Finally, a frank discussion of the possi-
ble consequences of blood refusal, including death, is necessary.
Legal precedent exists that allows the physician to administer a
blood transfusion despite patient objections in some situations.
Examples include the patient who is the sole parent of depen-
dent children or the pediatric patient whose parents object to
transfusion. It is prudent to involve legal counsel preoperatively
in these circumstances whenever possible.

Cultural respect may require the anesthesiologist to make
inquiries before interviewing the patient. For example, women
of theMuslim faithmay request a same-sex translator to discuss
health-related issues. These patients may also require that the
male head of household render health care decisions for them.
To engender trust, enhance communication, and ensure under-
standing, it is beneficial to approach patients of different cul-
tural backgrounds in an open-minded, nonjudgmental fashion.

Occasionally, the provision of care may provoke conflict
with the anesthesiologist’s personal ethics. For example, some
practitioners object to providing anesthesia for procedures to
terminate a pregnancy. There is controversy about the proper
professional approach in this type of situation, but most ethical
experts suggest that patients should be provided information
about all legal and medically acceptable treatment options and
that the practitioner has an obligation to help the patient find
an alternate provider (e.g., anesthesiologist) if he or she can-
not continue the physician–patient relationship due to ethical
objections. A similar strategy may be invoked for the provider
who is unwilling to respect a Jehovah’s Witness patient’s right
to refuse blood transfusion. Open communication with the
patient and with colleagues is usually the best approach in these
situations, with the goal being adherence to the ethical princi-
ples of all involved parties. Emergency procedures that involve
ethical conflict may be more difficult to resolve, but providing
necessary care to the patient until an alternate provider is avail-
able is advisable.

Do not resuscitate (DNR) orders
The administration of anesthesia for a procedure frequently
involves provision of measures that would be considered to be
“resuscitation” in another setting. For example, hypnotic agents
administered during the induction of general anesthesia com-
monly render a patient apneic, necessitating airway support to
prevent imminent death. Similarly, muscle relaxants are com-
monly administered as part of an anesthetic to achieve optimal
operating conditions for the surgeon, but the effects of these
agents may require endotracheal intubation. In the past, these
“resuscitative” measures were considered necessary for anes-
thesia care, and DNR orders were rescinded while a patient

underwent anesthesia. In today’s increasingly complex medi-
cal environment, this approach no longer holds. The American
Society of Anesthesiologists (ASA) recognizes that respect for
patient autonomy requires an open discussion with the patient
or patient’s surrogate regarding do not resuscitate (DNR) orders
prior to anesthetic care and suggests three possible approaches.
First, the DNR orders may be revoked for the anesthetic and
perioperative period, allowing full resuscitation. Second, lim-
ited resuscitation may be performed to include certain mea-
sures (e.g., endotracheal intubation) but not others, based on
the patient’s preferences. With this approach, the anesthesiolo-
gist may play a role in educating the patient, helping him or her
to weigh the relative risks (or burdens) versus benefits of each
intervention. Third, a goal-directed approach to resuscitation
may be adopted for the anesthetic course. This approach seeks
to define the goals of care and allows the anesthesiologist to
use his or her judgment to determine if resuscitation is likely to
achieve those goals. For example, a patient with end-stage car-
diomyopathy may not wish to undergo treatment of dysrhyth-
mias. If this patient were to develop a bradycardia judged easily
reversible and directly attributable to the anesthetic, it might be
treated with a drug, whereas development of ventricular tachy-
cardia attributable to myocardial ischemia might not be treated
at all. Regardless of the approach to resuscitation status under
anesthesia, the anesthesiologist must participate in a discussion
in advance with the patient or patient’s surrogate to understand
the patient’s preferences, goals, and values. Involvement of the
surgeon or proceduralist and/or the patient’s primary physician
in the discussion is ideal, and a detailed documentation of the
discussion should be provided in the patient’s medical record.

Death under anesthesia care
Advances in anesthesia care have made death related to anes-
thesia an uncommon event, with estimates ranging from 5 to 7
per 100,000 anesthetics. Mortality rates are higher for patients
ofASAphysical status III or greater. Althoughdeath in the oper-
ating roomor procedure suite is rare, anesthesiologistswho spe-
cialize in critical care medicine are more accustomed to caring
for the dying patient. Approximately 10% to 25% of patients
admitted to an intensive care unit (ICU) will not survive, so it
is incumbent on the intensivist to be familiar with care of the
dying patient. When the chance of a cure or meaningful recov-
ery is poor, the patient or patient’s surrogate may choose com-
fort care rather than further life-sustainingmeasures.The role of
the physician at this time is to provide relief from pain, anxiety,
or distress and to allow the patient to die in a dignified fashion.
Optimal care under these circumstances involves the collabora-
tive efforts of the patient, family, and an interdisciplinary health
care team. Care should focus not only on the medical and psy-
chological aspects of dying, but also on the emotional and spir-
itual needs of surviving family members.

Medications (e.g., opiates, hypnotics, benzodiazepines)
commonly employed for anesthesia may be useful to treat
symptoms in the dying patient. These medications should not
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be withheld for fear of hastening death in such circumstances.
To justify such treatment, some experts cite the ethical princi-
ple of double effect,where the intended good of the action (relief
from pain) permits the potential harm (hastened death). Litera-
ture from the study of critically ill patients suggests that, despite
clinicians’ fears, medications administered to treat symptoms
do not cause an earlier death.

Futility
Futility is a controversial topic that may arise in end-of-life dis-
cussions. Medical futility is perhaps best defined in the context
of a particular treatment or intervention that scientific evidence
shows will not achieve the goals of therapy. By this strict defini-
tion, physicians are not obligated to provide futile care. Some-
times futility is invoked as the reason to withdraw or limit
life-sustaining treatments.This invocation may prove problem-
atic because the wide variety of patient expectations, goals, val-
ues, and religious beliefs makes it difficult to define futility. In
addition, society has provided no consensus definition of futile
care. A more pragmatic approach to these situations is for the
anesthesiologist to assist patients and their families in weighing
the relative benefits and burdens of a given therapy within the
context of the patient’s beliefs and values. Using this approach,
therapies that are likely to increase pain, suffering, or morbid-
ity and those that diminish quality of life as appreciated by the
patient are more likely to be refused.

Organ donation
The concept of organ donation is a medically and ethically
acceptable option in our society but is one that may provoke
ethical conflict. Most organ procurements derive from brain-
dead donors (i.e., patients who are legally dead due to failure
of whole brain function, but whose hearts are still beating).
The exact criteria for determining brain death are locally deter-
mined and publicized in most hospital policy and procedure
manuals; commonly, involvement of a physician specialized in
neurologic illness is required. Although the legal concept of
brain death is no different than death, this concept may be diffi-
cult for some families of religions or cultures that only recognize
death as the cessation of the heartbeat. In such situations, efforts
should bemade to facilitate understanding in families who have
a conflict with the withdrawal of care. A thoughtful, compas-
sionate approach to the family may promote the consideration
of organ donation in situations in which it would otherwise be
refused.

Another option for organ donation is donation after car-
diac death (DCD). This route may be considered by the patient
or patient’s surrogate if devastating injury or disease precludes
an acceptable recovery and involves a controlled removal of
the patient from life-sustaining treatments with the intention
of organ procurement at some time interval (usually 2–5 min-
utes) following asystolic death. The withdrawal of life support
(usually mechanical ventilation) may occur in the ICU or in

the operating room and requires careful orchestration of a
multidisciplinary team to assure proper adherence to ethi-
cal principles. Specifically, there should be a clear distinction
between the physician caring for the patient (often the inten-
sivist) and the procuring transplant surgeons. Care for the dying
patient should be paramount with the same attentiveness to
treating pain and distress as would be provided to the non–
organ donor patient. Because these patients die due to cessation
of cardiopulmonary function, an anesthesiologist may not be
required for the procurement. If the procurement of intratho-
racic organs (heart, lungs) is planned, then reintubation and
ventilation of the patient following pronouncement of death
may be desirable and the attendance of an anesthesiologist may
be requested. Finally, plans must be in place to treat the patient
who does not die within the time frame (usually 2 hours) neces-
sary for organ donation. Usually, the patient is then transported
back to the ICU to continue treatment until death does occur.

Ethics consultation
Many hospitals offer clinicians and patients the assistance of
a hospital ethics committee when confronting difficult ethi-
cal problems or a nonnegotiable conflict around ethical issues.
An ethics consultation should provide a reasoned opinion and
often recommends a specific course of alternative actions. The
opinion offered by the consult is a recommendation and not
a mandate, and acceptance is always voluntary. If a given dis-
pute cannot be resolved, the anesthesiologist may inquire if the
hospital has a resolution of conflict policy and follow the pre-
scribed path. Finally, if a given dispute cannot be resolved, judi-
cial involvement may be requested but often requires a great
deal of time and expense. In general, US courts support the set-
tlement of ethical conflicts within the medical environment.

The impaired anesthesiologist
Chemical dependence is a chronic, relapsing disease affecting
individuals at all social levels.The impression that the disease is
more common among anesthesiologists as compared to other
health care providers has been disproved, but anesthesiologists
are unique in administering drugs to patients themselves rather
than entering an order for a medication to be administered
by another professional. As a result, controlled substances are
immediately available to the practicing anesthesiologist. If a col-
league demonstrates the signs of addiction, including a loss of
interest in activities, problems at home, problems at work, obvi-
ous changes in work habits (including the overadministration
of opiates, frequent unexplained absences, inappropriate volun-
teering for extra work, or witnessed self-administration), then
intervention is necessary.

Intervention should take place in a formal setting and
should be conducted by an expert. It must include irrefutable
documentation of the behavior, willingness of colleagues to
describe events demonstrating the behavior, and a specific
treatment plan. If the individual should deny the behaviors
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despite irrefutable evidence, he or she should be informed
that the state medical board will be advised of the suspected
chemical dependence.

Anesthesiologists who have a history of addiction to opi-
oids are statisticallymore likely to lapse than are those who have
addictions to other substances. Legally, addiction is a disability.
Recovering addicts whohave been drug-freemay not be refused
employment solely on the basis of their disability, but statemed-
ical boards carefully weigh the risk to patients before allowing
a recovered physician to return to practice and usually require
that strict criteria for reentry be met.The anesthesiologist must
have received treatment at a skilled facility with recommenda-
tions from treating providers stating that there is a low likeli-
hood of relapse. A recovering providermust adhere to a detailed
program of recovery, which may include the use of naltrexone,
and he or she must abide by a written aftercare contract. The
health care provider must be committed to a lifelong recovery.
Family, partners, hospital staff, and administrators must accept
the physician’s return to work, and current recommendations
suggest that a returning anesthesiologist should have 5 years of
continuous monitoring.

While chemical dependence is an incurable disease, it may
remain in long-term remission. Relapse is not a given, but may
occur. Colleagues should provide the assistance and advocacy

necessary to reinstitute treatment, aftercare, and recovery in the
event of relapse.
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Chapter

141 Risks in the operating room
Jie Zhou

Theoperating room (OR) contains safety risks for both patients
and staff. This chapter discusses safety risks that are relevant to
anesthesia providers.

Needle safety
The Centers for Disease Control and Prevention (CDC) esti-
mates that there are approximately 1000 sharps-related injuries
per day sustained by hospital-based health care personnel in
the United States. Sharps-related injuries include those that are
due to needles, scalpels, or invasive medical devices. Hollow-
bore devices create more of a concern, because they are more
likely to transmit pathogens. According to the CDC, hepatitis B
virus (HBV), hepatitis C virus (HCV), and HIV are the most
commonly transmitted pathogens during patient care. Other
pathogens include herpes, malaria, and tuberculosis.

The decrease in HBV infections, from approximately 12,000
in 1985 to 500 in 1997, is largely attributed towidespread immu-
nization. Susceptible health care workers still have a 6% to 30%
likelihood of HBV infection without postexposure prophylaxis,
especially if the source patient is hepatitis B e antigen (HBeAg)
positive. The number of transmissions of HCV to health care
workers is unknown, but studies suggest that the transmis-
sion rate from an HCV-positive source to a healthy individual
through a hollow needle ranges from 0% to 7%. HCV and HIV
can also be transmitted through splash contamination of the
conjunctiva or nonintact skin.The risk ofHIV transmission fol-
lowing needlestick ormucous-membrane exposure is estimated
to be 0.3% and 0.09%, respectively.

Data from the National Surveillance System for Health Care
Workers (NaSH) suggest that 25% of hospital exposures to
bloodborne diseases occur in the OR.

Several injury prevention strategies have been deployed
over the past two decades, including the use of barrier-focused
universal precautions for all OR personnel, the Bloodborne
Pathogens Standard published by the Occupational Safety and
Health Administration (OSHA), and the Needlestick Safety and
PreventionAct of 2000. In addition,many engineering controls,
such as retractable needles or blunt needles, have been devel-
oped, but work-practice controls are the most effective means
of preventing blood exposure. The CDC recommends the fol-
lowing procedures in the OR:

� Using instruments, rather than fingers, to grasp needles,
retract tissue, and load/unload needles and scalpels;

� Giving verbal announcements when passing sharps;
� Avoiding hand-to-hand passage of sharp instruments by

using a basin or neutral zone;
� Using alternative cutting methods, such as blunt

electrocautery and laser devices, when appropriate;
� Substituting endoscopic surgery for open surgery when

possible; and
� Using round-tipped scalpel blades instead of sharp-tipped

blades.

Anesthesia gases
There are two current classes of inhaled anesthetic agents:
nitrous oxide and halogenated gases, including sevoflurane,
desflurane, halothane, and enflurane. A US Food and Drug
Administration (FDA) review in 2005 associated methoxyflu-
rane with serious, irreversible, and even fatal nephrotoxicity
and hepatotoxicity in humans, so it has been withdrawn from
the market.

The National Institute for Occupational Safety and Health
(NIOSH) issued “Criteria for a Recommended Standard. Occu-
pational Exposure to Waste Anesthetic Gases (WAGs) and
Vapors.” The NIOSH criteria are highlighted in Table 141.1.

The 2007 update of the NIOSH criteria that is listed at the
end of this chapter encourages raising awareness of WAG haz-
ards among health care workers and suggests strategies to min-
imize exposure. OSHA published the “Guideline forWorkplace
Exposures” (GWE) in 2000.This guideline lists operational pro-
cedures, engineering controls, and work practices for WAGs in
the OR. Its Web address is also listed at the end of this chapter.

More recently, the Task Force on Trace Anesthetic Gases
(TFTAG) of the American Society of Anesthesiologists (ASA)
issued “Information for Management in Anesthetizing Areas
and the Postanesthesia Care Unit.” TFTAG analyzed the liter-
ature on WAGs regarding their mutagenicity, carcinogenicity,
organ toxicity, and reproductive effects. TFTAG concluded that
there is not adequate evidence to prove adverse health effects
caused by exposure to trace levels ofWAGs in theOR.However,
TFTAG does support the use of scavenging systems for WAGs,
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Table 141.1. The NIOSH criteria

No worker is exposed to halogenated anesthetic agents at concentrations
> 2 ppm when used alone or > 0.5 ppm when used in combination with
nitrous oxide over a sampling period not to exceed 1 h.

No worker is exposed to nitrous oxide when used as the sole anesthetic
agent exceeding a time-weighted average concentration of 25 ppm
during anesthetic administration.

Anesthetic gas machines, non-rebreathing systems, and T-tube devices shall
have an effective scavenging device that collects all WAGs.

WAG disposal systems are in place prior to starting an anesthetic.
Low-pressure leaks shall be < 100 ml/min at 30-cm water pressure.
High-pressure leaks from the gas supply (cylinder or pipeline) to the flow

control valve should be a maximum of 10 ml/min.
Anesthetic gas flows shall not be started prior to induction of anesthesia.
Anesthetic flow meters shall be turned off or the Y-piece sealed when the

breathing circuit is disconnected from the patient after administration of
the anesthetic agent has started.

Before the reservoir bag is disconnected from the anesthetic delivery
system, it shall be emptied into the scavenging system.

Comprehensive medical and occupational histories shall be obtained on
each employee prior to employment and maintained in the employee’s
medical record.

Employees shall be provided with information and training on hazardous
chemicals.

Any abnormal outcome of pregnancies of employees or of the spouses of
employees exposed to WAGs shall be documented as part of the
employee’s medical records, and these records shall be maintained for
the period of employment plus 20 years.

Upon employment and at least yearly thereafter, each worker shall be
informed of possible health effects of exposure to WAGs.

Air monitoring shall be performed in all locations with the potential of
worker exposure to WAGs.

Results of air sampling methods, locations, dates, and concentrations
measured and results of leak tests shall be maintained for at least 20 years.

not only in the OR, but also in other locations where inhaled
anesthetic gas is administered.

Chemical hazards
Latex
Latex has become a common source of allergic reactions in
OR personnel, and it is estimated that 8% to 12% of health
care workers are latex-sensitive. Latex can trigger an IgE-
mediated cutaneous, respiratory, and systemic reaction, rang-
ing from irritant contact dermatitis (Type IV) to immediate,
life-threatening sensitivity (Type I). The prevalence among
anesthesiologists is reported to be approximately 12.5% to
15.8%. Latex allergy is associated with allergies to avocado,
potato, banana, tomato, chestnut, kiwi fruit, and papaya. Peo-
ple with spina bifida are also at increased risk for latex allergy.

Latex allergy should be suspected in anyone who develops
allergic symptoms after latex exposure. Irritant or contact der-
matitis is the most common reaction from a latex encounter.
Certain medications may reduce the allergy symptoms, but
complete latex avoidance is the most effective approach.

Halothane
There are two distinct forms of liver damage from halothane.
Type I hepatitis occurs commonly and presents with minor ele-
vations of liver enzymes. Type II hepatitis, which is thought to

be immune-mediated, is rare and unpredictable and can result
in severe, fulminant hepatitis with a high mortality.

Hepatitis induced from occupational exposure to halothane
has been reported in pediatric anesthesiologists. There is also
a reported case of isoflurane hepatotoxicity in a patient with a
previous history of halothane-induced hepatitis. This case sug-
gests that personnel with a history of liver injury from one
haloalkane should not be exposed to another. Occupational
safety and health guidelines for halothane are available at the
OSHAWeb site.

Methyl methacrylate
Methyl methacrylate (MMA) is an organic compound used to
cement prostheses in orthopedic surgery. The most common
effect of overexposure to MMA is irritation of the skin, eyes,
nose, throat, or lungs, but it can also affect the nervous system.
OSHA has established a permissible exposure limit of 100 ppm,
410 mg/m3 time-weighted average (TWA).

Severe cardiopulmonary complications, such as hypoten-
sion, bradycardia, and cardiac arrest, have been reported in
patients with the use of MMA. The direct myocardial depres-
sant effect of MMA seems to be caused in part by depression of
Ca2+ influx across the cardiacmembrane.MMAmay also cause
direct relaxation of venous and arterial smooth muscle.

Fire safety
OR fires are rare but potentially disastrous. Current literature
estimates that there are approximately 100 surgical fires in the
United States each year, but the real incidence may be higher.

Most surgical fires involve the airway. For a fire to occur,
three components, known as the “fire triad,” must be present:
an oxidizer, an ignition source, and a fuel. In the OR, oxidiz-
ers include oxygen and nitrous oxide; ignition sources include
lasers, drills, electrocautery sets, and fiber-optic light sources;
and fuels include endotracheal tubes, flammable solutions,
sponges, and drapes.

In May 2008, ASA issued a Practice Advisory for the Pre-
vention and Management of Operating Room Fires. The advi-
sory recommends providing fire safety education and training
to anesthesiologists, and it lists the methodology for prepara-
tion, prevention, and management of OR fires. The ASA Oper-
ating Room Fires Algorithm contained within the full advisory
summarizes important aspects of fire prevention and fire man-
agement. Recommendations for prevention include keeping
ignition sources away from oxidizer-enriched atmospheres,
configuring surgical drapes to minimize the accumulation of
oxidizers, and allowing sufficient drying time for flammable
skin-prepping solutions.They also recommend that the surgical
team determine preoperatively whether the procedure is high
risk and that appropriate precautions be identified and put in
place prior to the start of surgery. The fire management section
calls for immediate evaluation if an “early warning sign of fire”
is identified, and discusses the management of both airway and
nonairway fires.The full ASA advisory is listed at the end of the
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Figure 141.1. Radiation scale. From http://www
.osha.gov/SLTC/radiation.

chapter; all anesthesia practitioners should be familiar with its
contents.

Radiation safety
Radiation is used in a variety of areas in theOR. In general, there
are two types of radiations: non-ionizing radiation and ionizing
radiation. Non-ionizing radiation comprises electromagnetic
radiation ranging from extremely low frequency (ELF) to ultra-
violet (UV). Ionizing radiation consists of particulate (alpha,
beta, neutrons) and electromagnetic (x-rays, gamma rays) radi-
ation. Anesthesiologists may be exposed to any of them (see
Fig. 141.1).

Non-ionizing radiation
Laser safety
Laser is the acronym for “light amplification by stimulated
emission of radiation.” The four major properties of laser
light aremonochromaticity, spatial coherence, high energy, and
focusability (directionality).

Clinical usefulness of each laser is determined by the
degree of thermal effect when it strikes the tissue, which in
turn is determined by three variables: the absorptive and
reflective properties of the tissue at the laser wavelength, the
power density, and the duration of exposure. The absorption of
laser energy is determined by the wavelength of the light and
the physical characteristics (pigmentation, hemoglobin, and
water content) of the tissue. There are four types of lasers that
are used clinically: the carbon dioxide (CO2) laser, the
argon laser, the neodymium:yttrium–aluminum–garnet
(Nd:YAG) laser, and the potassium titanyl phosphate (KTP)
laser (green laser).

TheCO2 laser has awavelength of 10,600 nm,which is in the
invisible infrared region. A low energy helium–neon (HeNe)
633-nm laser was added to provide visibility during clinical use.
CO2 laser emissions are completely absorbed by cellular water
and produce tissue destruction to a depth of 100 to 200microns,
which is approximately half the thickness of the epidermis.

The argon laser emits at a wavelength of 488 nm and
514 nm, which carries a visible blue-green color. It is absorbed
by hemoglobin and pigmented tissue and is poorly absorbed by
water. It can be used to effectively coagulate vessels.

The Nd:YAG laser is in the near-infrared range with a wave-
length of 1064 nm. It is commonly used for eye, bladder, and
synovial capsule surgery.

The KTP laser is generated by passing the Nd:YAG laser
through a potassium titanyl phosphate crystal. The beam is at
a wavelength of 532 nm and has a green color. It is commonly
used in prostate surgery.

Risks of laser use include thermal burns, eye injuries, elec-
trical hazards, fires, and explosions. Ophthalmic safety is one of
most common concerns with laser use because a reflected laser
beam could create significant ocular trauma. Protective eyewear
should be worn by all OR personnel any time that the laser is in
use. Effective protection from laser injury requires a unique lens
that absorbs the particular wavelength of the laser in question,
so there is no universal eyewear that provides protection against
all lasers. Eyewear is rated for optical density (OD), which is the
base-10 logarithm of attenuation. For example, eyewear with
OD 3 will reduce the beam power in the specified wavelength
range by a factor of 1000.

Smoke plumes resulting from the thermal destruction of tis-
sue by laser and electrocautery devices have received increased
attention as a safety concern in recent years. Research studies
have confirmed that this smoke plume can contain toxic gases
and vapors such as benzene, hydrogen cyanide, and formalde-
hyde; bio-aerosols; dead and live cellular material (including
blood fragments); and viruses. At high concentrations, the
smoke causes ocular and upper respiratory tract irritation in
health care personnel and creates visual problems for the sur-
geon. NIOSH released a Health Hazard Alert on the danger of
smoke plumes in 1996.

UV safety
Studies of indoor UV-emitting fluorescent lamps have demon-
strated a 3.9% increase in the risk of skin malignancies over
solar UV exposure. The level of risk is associated with the
specific frequency within the UV range. UVB (290–320 nm)
radiation directly damages DNA and is highly mutagenic and
carcinogenic in animal experiments compared to UVA (320–
400 nm) radiation, which indirectly damages DNA through the
formation of reactive oxygen radicals.

NoOSHA standard exists for UV radiation (UVR), but both
NIOSH and the International Commission on Non-Ionizing
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Radiation Protection (ICNIRP) have made varying recommen-
dations for UV light within the spectral region of 200 to 400
nm with the most restrictive limits on the UVB region between
200 and 315 nm. Exposure limits are dependent on both the fre-
quency and intensity of the radiation and must be determined
using tables that can be found in the NIOSH or ICNIRP infor-
mation at the end of this chapter.

Ionizing radiation
Anesthesiologistsmay encounter various types of ionizing radi-
ation, including particulate radiation with alpha, beta, or neu-
trons in a radiology oncology treatment suite, gamma rays at a
Gamma Knife center, or x-rays in a fluoroscopy or neuroradiol-
ogy suite.

Ionizing radiation is carcinogenic at high doses. Its effects
include direct chromosomal changes, indirect free radical for-
mation, and cataract formation. Total radiation exposure is
determined by three factors: (1) intensity and time of expo-
sure, (2) distance between the anesthesiologist and the source
of radiation, and (3) the use of shielding. The latter two factors
can be modified by the anesthesiologist. Radiation exposure is
inversely proportional to the square of the distance from the
source, so increasing distance is an effective way of decreasing
exposure.

Common lead aprons leave several vulnerable spots of the
human body, including both the thyroid and the eyes. Thy-
roid shields and eye protection should be worn along with
lead aprons to minimize the risk of thyroid cancer or cataract
formation.

The U.S. Nuclear Regulatory Commission (NRC) has estab-
lished the current occupational exposure limits for both shallow
and deep doses in adults:

(1) An annual limit, which is the more limiting of

(i) the total effective dose equivalent being equal to 5 rems
(0.05 Sv) or

(ii) the sum of the deep-dose equivalent and the committed
dose equivalent to any individual organ or tissue other
than the lens of the eye being equal to 50 rems (0.5 Sv).

(2) The annual limits to the lens of the eye, to the skin of the
whole body, and to the skin of the extremities, which are

(i) a lens dose equivalent of 15 rems (0.15 Sv) and
(ii) a shallow-dose equivalent of 50 rem (0.5 Sv) to the skin

of the whole body or to the skin of any extremity.

The limits for fetal radiation exposure vary between agencies
from 100 mrem/y (1 mSv/y) to 500 mrem/y (5 mSv/y) or less
during the gestational period.
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Chapter

142 Statistics for anesthesiologists and researchers
Samuel M. Galvagno Jr. and Kamal K. Sikka

An elementary understanding of statistics is essential to help
the evidence-based practitioner address common problems
encountered throughout the vicissitudes of daily anesthetic
practice.

The medical literature has an abundance of studies that
use statistics, but there are few available books devoted to the
use of statistics in anesthesiology. Because statistical techniques
are complicated, researchers and practitioners of anesthesia
should be aware of the misuse of statistics to promulgate flawed
conclusions. The data in the numerical examples described
in this chapter are adapted from Jensen, Wernberg, and
Andersen.

This chapter is not a comprehensive dissertation on statis-
tics. For more comprehensive studies, the reader is referred to
two excellent texts: one by Freedman, Pisani, and Purves and
the other by Dawson and Trapp.

Basic math review
Logarithms
Logarithms are used to describe the power to which a num-
ber must be raised to get another number. For example, the
Henderson–Hasselbalch equation describes how plasma partial
pressure of carbon dioxide (PCO2), plasma bicarbonate con-
centration ([HCO3

−]), the negative logarithm of the apparent
dissociation constant (pK) for plasma carbonic acid (H2CO3),
and the solubility (S) of CO2 in plasma interact to determine
plasma pH.

pH = pK1 + log[bicarbonate]/0.03 × PCO2

A logarithmic scale is a scale of measurement that uses the
logarithm of a physical quantity instead of the quantity itself.
Presentation of data on a logarithmic scale can be helpful when
the data cover a large range of values.The logarithm reduces this
range to a more manageable range. Onmost logarithmic scales,
small values, or ratios of the underlying quantity, correspond to
small values of the logarithmic measure. Well-known examples
of such scales are:
� Richter scale for earthquake magnitude,
� Decibel for acoustic power, and
� Logit for odds in statistics.

One example of the use of logarithms is Lagasse’s depiction of
the trend of anesthesia-related deaths from 1954 through 2001.
The death rate was extrapolated from either a power or logarith-
mic fit of these figures (1/5000–1/10,000). By using logarithmic
methods, the death rate from anesthesia for plastic surgery can
be more accurately estimated because previous nonlogarithmic
methods cited the risk to be falsely low – 1/300,000.

Graphs of simple equations
It is a frequent practice in anesthesiology and critical care
medicine to estimate the human body surface area (BSA). BSA
is one example of a linear regression equation that can be
applied clinically. Linear regression is a statistical method that
involves determining an equation to predict a value based on
other known values. The determination of BSA is useful in sev-
eral areas related to the body’s metabolism, such as ventila-
tion, fluid requirements, extracorporeal circulation, and drug
dosages. The following formula estimates BSA and is demon-
strated in Fig. 142.1.

Basic exponential functions are depicted as hyperbolic or
parabolic curves. These mathematical functions are used to
determine the value of y when x is known, or vice versa.
Fig. 142.2 demonstrates a basic exponential function (y = bx).
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Figure 142.2. An example of an exponential function.

Table 142.1. Blood glucose levels of 25 preoperative children
undergoing anesthesia

Patient mg/dl Patient mg/dl Patient mg/dl

1 36 11 70 21 86
2 47 12 72 22 88
3 52 13 74 23 93
4 56 14 75 24 97
5 61 15 76 25 106
6 63 16 77
7 66 17 79
8 67 18 83
9 68 19 83
10 69 20 83

Two common graphical representations of data, the his-
togram and the percentage cumulative frequency distribution,
are shown in Fig. 142.3 for the data from Table 142.1.

The histogram graphically represents the type of distribu-
tion exhibited by the data, whether they is balanced around
the mean or skewed to one side. The percentage cumulative
frequency represents the percentage of data occurrences below
a given percentage value. The percentage cumulative distribu-
tion in Fig. 142.3 shows that only 4% of the children undergo-
ing preoperative starvation had a blood glucose level less than
40 mg/dl, which can be classified as hypoglycemic.

Table 142.2. Examples of interval and categorical data

Type of data Description Example

Interval Discrete: Integer-only scale Number of toes, number of
nostrils

Interval Continuous: Constant scale
interval

Temperature, weight, blood
pressure

Categorical Dichotomous: Binary data Male/Female, Alive/Dead
Categorical Nominal: Qualitative;

cannot be ranked
Eye color, type of surgery

Categorical Ordinal: Data that are
ranked but do not have a
consistent scale interval

ASA class, Mallampati class,
VAS pain score

Basic statistics
Data classification
Samples of populations are described with different terms.
Interval data are composed of discrete and continuous vari-
ables. Categorical variables refer to observations the values of
which are categories. Examples are provided in Table 142.2.
Classification of data becomes important when choosing the
correct statistical test.

Probability
The probability (Pr) of an event (A) is the proportion of times
it occurs in a long sequence of trials. Probabilities always lie
between 0 and 1.

Pr(A) = NA/N

N = mutually exclusive outcomes

NA = equally likely outcomes

p value
The p value is the probability of obtaining a test statistic that
is as extreme or more extreme as the one actually observed,
assuming that the null hypothesis is true. The p value is a mea-
sure of the probability that a difference between groups during
an experiment happened by chance. For example, a p value of
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Figure 142.3. Histogram and percentage cumulative frequency distribution of blood glucose levels of preoperative children undergoing anesthesia.
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Table 142.3. Ways to prevent Type I and Type II errors

Raise the level of alpha (not commonly done)
Reduce population variability
Make the difference between the conditions greater
Increase the sample size (most common method used)

.01 (p= .01) means that there is a 1 in 100 chance that the result
occurred by luck.The lower the p value, the more likely it is that
the difference between groups was caused by the experimental
intervention.

Type I (α) and Type II (β) error
Type I (α) error is the probability that the data will indicate that
the null hypothesis is wrong. Stated another way, Type I error
is the probability that a difference will be found between two
groups when none actually exists. Type I error (α) is usually set
at .05, which means that there is a 5 in 100 chance that a given
result occurred purely by chance.

Type II (β) error is the probability that a difference actu-
ally does exist between two conditions but the data erroneously
indicate that no difference exists. By convention, Type II (β) is
usually set at .2. (See Table 142.3.)

Statistical power
The power of a test is 1 − β, which usually equals 80%. Statis-
tical power is the probability that one will detect a meaningful
difference, or effect, if one were to occur. Ideally, studies should
have power levels of .80 or higher, which means that there will
be an 80% chance or greater of finding an effect if one is really
there.

Measures of central tendency and dispersion
Given a population of data, there are several numeric measures
for characterizing the information represented by the data. The
population of data can be represented bymeasures representing
the central tendency or dispersion of the data.

Mean (or average) represents the central tendency of the
data, defined as

x =
N∑
j=1

x j ,

where xj is the jth sample in a total population of N samples.
For the sample size of N = 25 in Table 142.1, the mean is
73.1 mg/dl.

The median is the central sample when the data are ordered
in an ascending or descending order. ForN= 25, the 13th sam-
ple of the data fromTable 142.1, when arranged in an ascending
or descending order, is the median and is equal to 74mg/dl. For
distributions that are composed of an even number of samples,
the median is the arithmetic average of the two central samples.
For example, whenN= 20, themedian is the arithmetic average
of the 10th and 11th sample.

The mode is the most frequently occurring sample in the
population. The mode of the data in Table 142.1 is 83 mg/dl.

The standard deviation is a measure of dispersion and is the
root mean square (RMS) deviation of values from their arith-
metic mean. It is expressed as

� =
√√√√ 1

N
− 1

N∑
j=1

(
x j − x

)2
.

The standard deviation of the population in Table 142.1 is 15.78
mg/dl.

The range is another measure of dispersion and is the differ-
ence between themaximum andminimum values in a distribu-
tion. The range in Table 142.1 is 70 mg/dl.

The variance is the square of the standard deviation.

Standard deviation and standard error
of themean
The standard deviation is a measure of spread, scatter, or dis-
persion of a sample. When data are distributed normally, 1, 2,
and 3 standard deviations from themean encompass 68%, 95%,
and 99% of the population, respectively (Fig. 142.4).

The standard error of the mean is a measure of the precision
with which the population center (mean) is known. If the data
from a sample are distributed in the standard bell-curve fashion
(normal distribution), a formula can describe the spread of the
data around the mean. The standard error of the mean is cal-
culated by dividing the standard deviation by the square root
of the sample size. It is always smaller than the standard devi-
ation. The choice between using the standard deviation or the
standard error of the mean is controversial.

Figure 142.4. Standard deviations.
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Figure 142.5. Normal distribution of blood glucose levels of preoperative
children undergoing anesthesia superimposed over the histogram from
Fig. 142.3.

Normal statistical distribution
Also known as the Gaussian distribution, or the bell curve, the
normal distribution is commonly used in statistical analyses. It
is characterized by themean and variance of the data.When the
distribution is normalized to a mean of 0 and a variance of 1, it
is termed as the standard normal distribution. The probability
distribution for the normal distribution is represented as

f (x) = 1
�
√
2�

exp
(

− (x − x)2

2�2

)
.

In Fig. 142.5, the normal distribution is superposed on the
histogram from Fig. 142.3. It can be observed that the normal
distribution accurately represents the data in Table 142.1.

Confidence intervals
Confidence intervals (CIs) define a range of values withinwhich
the populationmean is likely to lie. A CI is the probability that a
number will be between an upper and lower limit. CIs are usu-
ally reported as a 95% CI, which is the range of values within
which one can be 95% sure that the true value for the whole
population lies. The 95% (p value = .05) and 99% (p value =
.01) CIs are the most commonly used.

Figure 142.6 demonstrates 50 realizations of a CI for µ. A CI
can be considered as the range, or interval, of results in which
the researcher has confidence. As seen from the figure, there is
a fair chance that an interval that actually contains µ will be
picked; however, there is still a chance that the wrong interval
may be picked.

Statistical techniques
Student’s t test
The Student’s t test can be used to examine the effect of a
controlled experiment on a population distribution by a com-
parison of the means. If each subject in a study has one mea-
surement (blood pressure, heart rate, temperature), as in before
and after some event, than a one sample or paired t test should

Figure 142.6. Fifty realizations of a CI for µ. See text for explanation.

be used. This pairing of measurements reduces variability and
increases the power of the test. When two separate groups are
compared to each other (one group gets one drug, another
group gets a placebo or standard treatment), a two sample or
unpaired t test should be used. Unpaired t tests have less power
than do paired t tests due to increased variability.

Nonparametric tests
When data are not normally distributed or when they are on an
ordinal level of measurement (i.e., American Society of Anes-
thesiologists [ASA] class, visual analog scale [VAS] pain score),
nonparametric tests should be used. A common mistake in
medical research is using the wrong class of statistical test, such
as a parametric test in place of a nonparametric test. The basic
rule is to use a parametric test (t test) for data normally dis-
tributed and a nonparametric test for skewed data. The Mann–
WhitneyU test is the nonparametric equivalent of the unpaired
t test. It is used to compare two groups, but unless the data are
skewed or ordinal, it is best to use a t test. The Wilcoxon rank-
sum test is almost identical to the Mann–Whitney U test (see
Table 142.4).

Analysis of variance
An analysis of variance (ANOVA) is a parametric statistical test
that is used when there is more than one group that requires
analysis. The t test tells one if the variation between two groups
is significant.Whenmultiple groups require analysis, multiple t
tests are not the answer because, as the number of groups grows,
the number of needed paired comparisons grows quickly. For
seven groups there are 21 pairs. If 21 pairs were compared, one
would not be surprised to observe that events happen only 5%
of the time. Thus, in 21 pairings, a p value of .05 for one pair

Table 142.4. Commonly used parametric and nonparametric tests

Parametric Nonparametric

Student’s t test
One-way ANOVA
Paired t test
Correlated F ratio

Mann–Whitney U test
Kruskal–Wallis H test
Wilcoxon signed-rank test
Friedman ANOVA by ranks
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Figure 142.7. Examples of correlation coefficients.

cannot be considered significant. An ANOVA puts all the data
into one number (F) and provides one probability for the null
hypothesis.

Chi-square
The chi-square test (� 2) is a statistic used to compare the fre-
quencies of two or more groups. Researchers often use chi-
squares to test nominal data (e.g., eye color, type of surgery).
This nonparametric test provides a rough estimate of confi-
dence; it accepts as input data that are weaker and less accurate
than are the data accepted by parametric tests (e.g., t tests and
ANOVAs).Therefore, it has less status in the hierarchy of statis-
tical tests.

Regression analysis
It is often important to relate the effect of an input para-
meter to the output parameter of an experiment. The correla-
tion between input and output parameters is achieved through
regression analysis. The correlation can be used for prediction
of the output parameter through interpolation for input para-
meters within the range of the experiment or by extrapolation
outside the range of the experiment. Regression can be single
variable or multivariable, linear or nonlinear.

Linear regression
Linear regression analyzes the relationship between two vari-
ables, X and Y. In general, the goal of linear regression is to find
the line that best predicts Y from X. The term regression, like
many statistical terms, is used in statistics quite differently than
it is used in other contexts.

The value r2 is a fraction between 0 and 1.0, and has no units
(see Fig. 142.7). An r2 value of 0.0 means that knowing X does
not help predict Y. There is no linear relationship between X
and Y, and the best-fit line is a horizontal line going through the
mean of all Y values. When r2 equals 1.0, all points lie exactly
on a straight line with no scatter, and knowing X allows one to
predict Y perfectly.

A simple linear regression between the blood glucose levels
(B) and the ages (A) in Fig. 142.3 can be represented as

B = mA+ c,

where m is the slope and c is the intercept of the solid line in
Fig. 142.3. The slope m and intercept c are obtained from the
formulae

m =
∑ (

B j − B
) (

Aj − A
)

∑ (
B j − B

)2 and

c = B − mA,

where the subscript j represents a patient, B is the mean blood
glucose level, and A is themean age of all patients inTable 142.2.
If a limit of 40 mg/dl is used, it can be observed that children
younger than 4 years would be susceptible to hypoglycemia
and an intervention would be required. (See Fig. 142.8.)

Multiple regression
In multiple regression, there is more than one variable.
For example, in predicting a difficult airway, a study might
look at Mallampati classification, thyromental distance, and
mouth opening. Some board questions may ask one to choose
between an ANOVA or multiple regression given the scenario
presented. All ANOVA models can be solved using multiple
regression, but the reverse is not true. ANOVA is used for
independent variables that are categorical (e.g., male/female,
alive/dead, blue/brown eyes), whereasmultiple regressionmod-
els can be used with categorical, continuous, or a mix of both
types of variables.

B = 10.15A - 0.3219
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Figure 142.8. Blood glucose levels correlated to age of preoperative
children undergoing anesthesia.
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Regression draws a line that relates changes in one variable
to changes in another. On the left-hand side,multiple regression
also has one variable, but the right-hand side can have more
than one. For two independent variables, multiple regression
draws a plane, and for more than two a surface or hyperplane.

The data showed a correlation among the systemic vascu-
lar resistance index (SVRI), hematocrit, and MFV in the MCA.
As SVRI increased and hematocrit decreased, MFV appeared
to increase. Multiple regression analysis showed that SVRI and
hematocrit explained 46% of the variance of MFV in patients
without vasospasm. These results suggest that, in addition to
already accepted variables (a hematocrit of 33%–38%, a central
venous pressure of 10–12 mmHg, a pulmonary wedge pressure
of 15–18mmHg, and a systolic arterial pressure of 160–200mm
Hg), SVR/SVRI might be of value to more appropriately adjust
triple-H-therapy.

Odds ratios
Odds are a ratio of events to non-events. For example, if the
event rate for a disease is 0.2 (20%), the non-event rate is 0.8
(80%), and its odds are 0.2/0.8= 0.25.The odds ratio is the odds
of an experimental patient suffering an event relative to the odds
of a control patient.

The odds ratio can be defined as the ratio of the odds of
an event occurring in one group to the odds of it occurring
in another group. These groups might be men and women, an
experimental group and a control group, or any other dichoto-
mous classification. An odds ratio of 1 indicates that the con-
dition or event under study is equally likely in both groups. An
odds ratio greater than 1 indicates that the condition or event is
more likely in the first group; an odds ratio less than 1 indicates
that the condition or event is less likely in the first group. The
odds ratio must be greater than or equal to zero. As the odds of
the first group approaches zero, the odds ratio approaches zero.
As the odds of the second group approaches zero, the odds ratio
approaches positive infinity.

For example, in a study of 185 adult patients who had retro-
mastoid craniectomywithmicrovascular decompression of cra-
nial nerves, use of desflurane was an independent predictor for
postoperative nausea and vomiting (PONV). The odds ratio
was 2.8; therefore, patients who received desflurane were 2.8
times more likely to have PONV than were patients who did
not receive desflurane.

Risk ratios
The risk ratio is the ratio of the risk in the experimental group
(EER: experimental event rate) to the risk in the control group

(CER: control event rate). The risk ratio is equal to the EER
divided by the CER. Risk ratios are used in randomized trials
and cohort studies.

Miscellaneous statistical definitions
Sensitivity: True positives / (true positives + false negatives).
The probability of the test finding disease among people who
have the disease or the proportion of people with disease who
have a positive test result.
Specificity: True negatives / (true negatives + false positives).
The probability of the test finding NO disease among those who
do NOT have the disease or the proportion of people free of a
disease who have a negative test.
Positive predictive value (PPV): True positives / (true positives
+ false positives). The percentage of people with a positive test
result who actually have the disease.
Negative predictive value (NPV): True negatives / (true nega-
tives+ false negatives).Thepercentage of peoplewith a negative
test who do not have the disease.
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143 Neurophysiology of pain
Edgar L. Ross

The ability to sense, interpret, and modulate pain is vital to sur-
vival. René Descartes proposed one of the first descriptions of
the sensory system more than 300 years ago. Descartes’ the-
ory envisioned a direct, single-channel system that coursed
via nerves to the spinal cord with a direct synapse in the
brain. This theory implied that our central nervous system is
hard-wired and unchanging.This approach adversely impacted
our approach to pain management for centuries. Descartes’
approach to pain was unquestioned and not critically exam-
ined until the second half of the 20th century. This theory did
not take into account our understanding of various other influ-
ences in pain, such as the psychological, environmental, biolog-
ical, social, and genetic factors in an individual, and suggested
treatment approaches, such as neurolytic procedures, which
were believed to be universally curative and were widely prac-
ticed without an understanding of the possible consequences.
Improvement in our understanding of chronic pain now pro-
vides evidence that this approach was to the detriment of the
patients. With the publication of the gate theory of pain by
Melzack and Wall in 1965, research was rekindled, leading to a
complete reexamination of perception and modulation of pain.
This research has significantly improved our understanding of
treatment approaches and opened entire new vistas of potential
treatment options.

Definition
What has become apparent from our new insights and under-
standing is that pain as a sensation is a complex phenomenon.
The two basic terminologies that are needed to explain this clin-
ical phenomenon include nociception and pain. The Interna-
tional Association for the Study of Pain (IASP) defines these two
different terms as follows:
� Nociception is a noxious stimulus or a stimulus that would

become noxious if prolonged. Activity induced in a
nociceptive pathway by a noxious stimulus triggers pain.

� Pain is an unpleasant sensory and emotional experience,
which we primarily associate with tissue damage or
describe in terms of such damage, or both.

These two terms speak to both the complexity of our ner-
vous system and its perception of pain. Most important, what is
implied by this definition is that nociception is not equivalent

to pain. Nociception can take place without the patient experi-
encing pain, and perception of pain is understood as a protec-
tive response fromour body required for survival. In fact, under
certain circumstances, we all have a profound ability to suppress
nociception to the point that we would not even sense pain,
even in the presence of significant injuries. There are times,
however, when pain would be distracting and even detrimental
to survival. Patients can have severe, unremitting pain without
significant pathology that explains their pain. Centrally orig-
inating inhibitory systems are thought to have evolved for
these situations. With the increased understanding of these
inhibitory systems, treatment approaches have been developed
that take advantage of and enhance this inhibition to manage
pathologically painful states.

Neuronal plasticity
Normal sensation, which is the absence of pain, requires a bal-
ance between both the inhibitory and excitatory pathways of the
central and peripheral nervous systems.This balance is changed
in a process called sensitization. Sensitization leads to increased
sensitivity of all stimuli. Two clinical phenomena that can be
noted clinically are considered the hallmarks of this process
(Fig. 143.1).
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Figure 143.2. Steps leading to central sensitization.

� Hyperalgesia – an increased response to what is usually a
painful stimulus

� Allodynia – a painful response to what is ordinarily a
non-painful stimulus, such as light touch

Various specialized sensory receptors including free nerve
endings are located at the end of the peripheral nervous system.
Injuries to tissue can release numerous substances that sensitize
these receptors leading to a decreased threshold and increased
responsiveness to all stimuli, such as light touch instead of just
pain (Fig. 143.2).

The peripheral sensory nervous system is composed of two
distinct classes: larger rapid conducting myelinated A delta
and beta fibers and slower smaller unmyelinated C fibers.
Under normal circumstances, the larger rapid conducting fibers
responding to cold sensations are able to localize pain sensation
quickly and precisely. The C fibers, which are normally stimu-
lated by heat or mechanical stimuli, poorly localize the site of
pain. They are connected to both the sympathetic nervous sys-
tem and the spinal cord.These two nerve classes are responsible
for pain transmission and stimulation of a protective reflex arc.

Pain-processingmechanisms
Sensory nerve fibers course into the dorsal horn where multi-
ple different mechanisms have been found tomodulate noxious
stimuli. Three important types of modulating influences are

1. Nonpainful sensory inputs,
2. Descending inhibitory inputs, and
3. Central processing.

The ascending sensory information is transmitted up the
spinal cord to the supraspinal processing areas.The spinothala-
mic tracts are the primary but not the only tracts responsible for
this. Wall and Melzack’s gate theory proposes that this ascend-
ing, nonpainful sensory input helps to gate the painful stimulus
and forms the basis for the spinal cord stimulator’s mechanism
of action.

Inhibiting descending pathways are primarily based on
noradrenergic, opioid, and serotonergic neurotransmitters and
exert their inhibitory action on the lamina II of the dorsal
horn.This inhibitory influence acts either directly through neu-
ral connections from higher centers, such as rostral ventral

medulla or nucleus raphe magnus, or by the release of endor-
phins andother inhibitory neurotransmitters.There also appear
to be descending facilitatory pathways that serve to enhance
transmission of nociceptive impulses in the spinal cord.Theori-
gins of these pathways are found in the rostral ventral medulla.
This pathway is active during peripheral tissue injury and pro-
duces hyperalgesia. This effect is achieved through mainte-
nance of central sensitization and enhancement of active neu-
rons. Glutamatergic neurotransmitters appear to be important
in this process.With persistent injury, repeated C fiber stimula-
tion leads to increased sensitivity of the dorsal horn to further
stimulation. This phenomenon is known as the windup. This
process contributes to initiation and perpetuation of central
sensitization. Glutamate plays a major role in this process as
well. Activation of these pain inhibitory processes, either from
higher centers or through the use of medications such as opi-
oids, tricyclic antidepressants, N-methyl-d-aspartate (NMDA)
receptor antagonists, α-adrenergic antagonists, or electrical
stimulation using a transcutaneous electrical nerve stimulation
(TENS) unit or a spinal cord stimulator, helps in shutting down
the nociceptive gate.

From the dorsal horn, the ascending pathways consist of the
spinothalamic, spinoreticular, and spinomesencephalic tracts.
These tracts synapse in supraspinal modulatory centers. Neu-
rons found in selected centers of the cerebral cortex respond
to and process the nociceptor input. These centers include the
somatosensory cortex, thalamus, cingulate gyrus, and the insu-
lar cortex. These multiple areas are involved in the central pro-
cessing of the pain experience, including affective responses,
responsiveness to stress reduction (such as hypnosis), and stress
management approaches.

Other factors that affect pain processing include central ner-
vous system immune responses initiated by endothelial and
glial cells. This immune response serves to enhance produc-
tion of a variety of inflammatory mediators and sustain pain
and hypersensitivity found in acute injuries as well as to per-
petuate chronic pain states. Gender differences in pain have
been well documented. Multiple studies have suggested that
women have greater pain sensitivity compared to men. In addi-
tion, cyclical changes found in women change pain perceptions
as well. Responsiveness to analgesics, including receptor differ-
ences and responsiveness, has also been documented. Contin-
ued research into gender differences, including genetic factors,
will likely lead to differences in treatment approaches.

Types of pain
There are three different etiologies of pain that can be described.
These include:

1. Nociceptive pain without tissue damage or sensitization. In
this model, a noxious stimulus is detected, but no
physiologic change occurs to change the nervous system
(Fig. 143.3a).

2. Inflammatory pain from tissue damage leading to
sensitization. In this situation, tissue damage releases
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Figure 143.3. Types of pain: (A) nociceptive pain; (B) inflammatory pain; and (C) neuropathic pain without nociception.

factors that lead to sensitization in both the peripheral and
central nervous systems. This sensitization leads to a
physiologic change, which decreases the discriminatory
ability of peripheral nociceptors as well as heightens
sensitivity to all stimuli, including spontaneous pain. These
changes are usually temporary and part of the healing
process. In small numbers of patients, these changes are
permanent and lead to chronic pain (Fig. 143.3b).

3. Neuropathic pain results from damage to either the
peripheral or central nervous system. This damage could
come about from unchecked sensitization or physical
damage. Many chronic pain syndromes are neuropathic in
nature. In addition, this neuropathic process points to the
fact that pain can be reported without any nociception or
tissue damage. Neuropathic pain is commonly not
reversible and is often considered to be much more severe
and resistant to treatment (Fig.143.3c).

Summary
Pain physiology is much more complex than the original
René Descartes idea. With the growing understanding of how
pain is modulated and perpetuated, new therapeutic targets
are now understood with the promise of improvement in
treatment.

Suggested readings
DeLeo JA. Basic science of pain. J Bone Joint Surg Am 2006; 88(Suppl

2):58–62.
Gottschalk A, Smith DS. New concepts in acute pain therapy:

preemptive analgesia. Am Fam Physician 2001; 63(10):
1979–1984.

Sivilotti LG, Thompson SW, Woolf CJ. Rate of rise of the cumulative
depolarization evoked by repetitive stimulation of small-caliber
afferents is a predictor of action potential windup in rat spinal
neurons in vitro. J Neurophysiol 1993; 69(5):1621–1631.

883



Part 27 – Pain Management

Thompson SW, Woolf CJ, Sivilotti LG. Small-caliber afferent
inputs produce a heterosynaptic facilitation of the synaptic
responses evoked by primary afferent A-fibers in the neonatal
rat spinal cord in vitro. J Neurophysiol 1993; 69(6):2116–
2128.

Wiesenfeld-Hallin Z. Sex differences in pain perception. Gend Med
2005; 2(3):137–145.

Woolf CJ. Pain: moving from symptom control toward mechanism-
specific pharmacologic management. Ann Intern Med 2004;
140(6):441–451.

Woolf CJ, Salter MW. Neuronal plasticity: increasing the gain in pain.
Science 2000; 288(5472):1765–1769.

Zhuo M. Neuronal mechanism for neuropathic pain.Mol Pain 2007;
3:14.

884



Chapter

144 Postoperative acute painmanagement
Darin J. Correll

The Joint Commission mandates that all patients have the right
to adequate assessment and management of pain. Better pain
control, depending on the agent(s) and modalities used, leads
to benefits not only in terms of cardiovascular and respiratory
complications but also in endocrine, immunologic, gastroin-
testinal, and hematologic outcomes. Other reasons to control
pain in the postoperative setting are that patients are oftenmore
concerned about being in pain than they are about the primary
reason for being in the hospital, quality of recovery is improved,
and acute pain may become persistent if not treated properly.

Basic painmanagement guidelines
Listen to and believe the patient: Pain is always subjective, and
the provider must accept the patient’s report of pain. Assess the
patient’s level of pain and degree of pain relief using appropri-
ate tools on a regular basis. A multimodal approach for man-
aging pain is always better than using a single modality to its
limit.This approachmay include both pharmacologic and non-
pharmacologic measures and allows for the best possible anal-
gesia with the lowest incidence of side effects. Always discuss
the analgesic plan with the patient and family, understand the
patient’s expectations of pain management, and offer reason-
able goals for the therapy. If pain is present most of the time
or expected to last for an extended period of time (e.g., longer
than a few weeks), dose around-the-clock or with long-acting
agents. As-needed (PRN) dosing of immediate-release agents
is also needed for breakthrough pain. If pain is intermittent
or expected to last a short time (e.g., less than a couple of
weeks) then PRN dosing of immediate-release agents can be
used. Communication with the patient’s primary care provider
regarding the discharge analgesic plan is helpful, especially if
there has been an alteration to a chronic analgesic regimen.
Ensure that the patient has adequate follow-up for the effective-
ness of the analgesic regimen and the development of possible
side effects on discharge from the hospital, as well as a plan for
a taper off of analgesics; if the patient was not on chronic anal-
gesics before.

Pain assessment andmechanism of pain
It is important to ask the patient about his or her prior analgesic
history, what therapies have either worked or not worked in the

past, as well as if he or she was taking any analgesic agents prior
to admission, and, if so, the exact doses. Ask about all the loca-
tions where the patient is experiencing pain and any radiation
from the primary location(s). Have the patient rate the intensity
of the pain using scales appropriate to the patient and situation.

The most commonly used measurement tools for intensity
of pain in the postoperative setting are the single-dimension
scales. A frequently used variation of this scale is the verbal
numeric scale. Patients are asked to verbally state a number
between 0 and 10, where 0 is “no pain at all” and 10 is “the worst
pain imaginable,” to correspond to their present pain intensity.
Variations of the single-dimension scales that may be of bene-
fit in elderly or cognitively impaired populations are scales that
use drawn faces ranging from a content-looking smiling face to
a distressed-looking face (e.g., Faces Pain Scale orWong–Baker
Faces Scale) instead of relying on the patient choosing a number
for his or her pain.

The benefits of single-dimension scales are that they are
quick and easy to use – this is important in the acute set-
ting, where repeated measures are needed over a brief period
of time. One disadvantage of single-dimension scales is that
they attempt to assign a single value to a complex, multidimen-
sional experience. Another disadvantage is that patients can
never know if the present experience is the “worst.” A final dis-
advantage is that these scales have a ceiling at the uppermost
end, so if a value of “10” is chosen and the pain worsens, the
patient officially has no way to express this change.

To choose the correct therapy for treating pain, the underly-
ingmechanism or generator of the pain needs to be determined
(Table 144.1). One of the best ways to make this determination
is to have the patient use adjectives to describe the character of
the pain (e.g., aching, burning, dull, electric-like, sharp, shoot-
ing, stabbing, tender, throbbing). In the postoperative period
it is still important to determine the impact of the pain on the
patient’s functional ability. Specifically, does the pain affect the
patient’s ability to cough, get out of bed, and ambulate while in
the hospital?

Analgesic modalities
It is important to remember that pain can be helped with non-
pharmacologic measures. In general, the scientific data on the



Part 27 – Pain Management

Table 144.1. Mechanisms of pain

Painmechanism Character Examples Treatment options

Somatic • Usually well localized
• Constant
• Aching, sharp, stabbing

• Laceration
• Fracture
• Burn
• Abrasion
• Localized infection or inflammation

• Heat/cold
• Acetaminophen
• NSAIDs
• Opioids
• Local anesthetics (topical or infiltrate)

Visceral • Not well localized
• Constant or intermittent
• Ache, pressure, cramping, sharp

• Muscle spasm
• Colic or obstruction (GI or renal)
• Sickle cell crisis
• Internal organ infection or inflammation

• NSAIDs
• Opioids
• Muscle relaxants
• Local anesthetics (nerve-blocks)

Neuropathic • Localized (i.e., dermatomal) or
radiating, can also be diffuse

• Burning, tingling, electric shock,
lancinating

• Trigeminal
• Postherpetic
• Postamputation
• Peripheral neuropathy
• Nerve infiltration

• Anticonvulsants
• Antidepressants
• NMDA antagonists
• Neural/neuraxial blockade

NSAIDs, nonsteroidal anti-inflammatory drugs; GI, gastrointestinal. (From Correll, DJ, Pain Management in Hospital Medicine: Just the Facts, McKean, Bennett,
Halasyamani.)

use of these measures are limited; however, most of the mea-
sures have little risk, and, if the patient believes that the therapy
is going to help, then it is likely to be of at least some benefit,
due to the cognitive and affective nature of pain. In terms of
pharmacologic measures, many different agents are available in
three basic categories: non-opioid analgesics, opioids, and adju-
vant analgesics. There is no one correct way to treat a patient in
pain. It is best to individualize therapy for each patient, devel-
oping a regimen that uses a multimodal approach with the
addition or alteration of agents when pain control is inade-
quate and an adjustment or diminishing of agents as the pain
resolves.

Nonpharmacologic measures
Application of cold (to reduce inflammation) or heat (to reduce
spasms) to muscles or joints is a commonly employed tech-
nique, but the evidence for an actual analgesic benefit is mixed.
Hypnosis has been shown to reduce pain associated with
medical procedures; however, it requires specific training and

time to administer. Transcutaneous electrical nerve stimulation
(TENS) has shown conflicting results in terms of an analgesic
benefit in the acute setting, but it has been shown to reduce the
need for pharmacologic analgesics.There is limited evidence of
a benefit in the acute setting for relaxation and guided imagery.
Acupuncture and electro-acupuncture have been shown to be of
benefit in the acute setting both to improve pain and to reduce
common side effects of opioid analgesics; however, they require
specific training and time to administer.

Pharmacologic measures
The various pharmacologic options have been discussed in
other chapters. Table 144.2 lists some of the available non-
opioid analgesics. Ketorolac is available in the intravenous (IV)
form for patients who are unable to take anything by mouth.

A detailed discussion on opioids for management of pain
can be found in other chapters. Other than asking the patient
if a particular agent has worked or not worked in the past,
it is not possible to determine which opioid may work best

Table 144.2. Select nonopioid analgesics

Agent Adult dosing Maximum dose Comments

Acetaminophen 650–1000 mg q 6 h PO/PR 4000 mg Single doses > 1000 mg do not improve analgesia
Choline magnesium

trisalicylate
1000–1500 mg BID PO 3000 mg Caution in liver disease, avoid in severe liver disease

Diclofenac 50 mg BID–QID PO 200 mg Low GI effect incidence, but possible increased renal effects; recent data suggest
increased negative CV effects

Etodolac 200–400 mg q 6–8 h PO 1000 mg Low GI and renal effect incidence; safest NSAID in liver disease
Ibuprofen 400–600 mg q 4–6 h PO 3000 mg < 1,500 mg QD has low risk of GI effects, possible increased renal effects, inhibits

CV benefits of aspirin when given concomitantly
Ketorolac 30 mg q 6 h IV 120 mg High risk of renal and GI complications; use for no more than 5 days; 15 mg q 6 h

in renal impairment, age > 65 y, weight < 50 kg
Nabumetone 750–1500 mg QD or BID PO 1500 mg Low GI effect incidence
Naproxen 250–500 mg q 6–12 h PO 1500 mg Possible increased liver and renal effects, probably least negative CV effects
Celecoxib 100–200 mg QD PO 200 mg Use 100-mg dose if possible; long-term use has increased negative CV effects

CV, cardiovascular; PO, oral; PR, rectal. (From Correll, DJ, Pain management in Hospital Medicine: Just the Facts, McKean, Bennett, Halasyamani.)
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Table 144.3. Recommended starting doses of opioids for adults over
50 kg

Agonist Oral IV

Codeine 15–60 mg q 3–4 h n/a
Hydrocodone 5–10 mg q 3–6 ha n/a
Tramadol 50–100 mg q 4–6 hb n/a
Oxycodone 5–10 mg q 3–4 h n/a
Morphine 10–30 mg q 3–4 h 5–10 mg q 2–4 h
Hydromorphone 2–6 mg q 3–4 h 1–1.5 mg q 3–4 h
Oxymorphone 10–20 mg q 4–6 hc 1 mg q 3–4 h

n/a, Not applicable
a Daily dose limited by acetaminophen component in available
preparations.

b Maximum recommended 24-hour dose: 400 mg in adults ≤ 75 years; 300
mg in adults � 75 years old.

c Recent US Food and Drug Administration (FDA) approval of oral form;
therefore, limited clinical experience. (From Correll, DJ, Pain management
in Hospital Medicine: Just the Facts, McKean, Bennett, Halasyamani).

for a given patient. Whenever possible, the enteral route of
administration is best as it is the easiest route andoffers themost
stable pharmacokinetics. If the enteral route is not available or if
adequate analgesia is not able to be obtained in a timelymanner,
then IV administration should be used. Intramuscular admin-
istration is not recommended because it is painful and has vari-
able pharmacokinetics. With a competent patient, the use of an
IV patient-controlled analgesia (PCA) has been demonstrated
to offer the best overall pain management option (see sections
on PCA later in this chapter).

The pronounced individual variability in opioid response,
combined with changes in responsiveness over time, mandates
individualization of opioid doses based on a continuing process
of assessment (analgesia and adverse effects) and dose titration.
Table 144.3 lists the recommended starting doses for moderate
to severe pain in the opioid-naı̈ve patient.

There are, however, some agents that should not be used,
at least first-line, in the postoperative setting. Codeine is not
a good first choice because it is possible that approximately
10% to 20% of the population does not have an active form of
the enzyme (i.e., cytochrome P450 2D6) necessary to convert
codeine into the active drug, morphine. Morphine is relatively
contraindicated in patients with severe renal insufficiency due
to the accumulation of themetabolitemorphine-6-glucuronide,
which can lead to sedation and respiratory depression. Meperi-
dine is not recommended as its active metabolite, normeperi-
dine, can accumulate in a day or two to levels that cause
nervous system excitation (tremors, muscle twitching, convul-
sions). In addition, it causes a strong euphoric feeling, especially
when given as an IV push, and it usually causes more nausea
than do other agents. Hydrocodone use needs to be monitored
closely because of the acetaminophen component in the avail-
able preparations that can lead to acetaminophen toxicity. Also,
non-medical uses of hydrocodone combination preparations
lead to emergency department visits more frequently than any
other pharmaceutical agent.

If a patient is not receiving enough pain relief at a given dose,
increase the dose by 25% to 50%. If a patient is having pain
before the next dose is due, reduce the interval and/or increase
the dose.

Rotation from one opioid to another may be necessary in
several circumstances.The first situation is when a few attempts
have been made at increasing the dose of an opioid and the
patient is still not receiving any pain relief, in this case, rota-
tion to a different opioid may provide better analgesia. A sec-
ond situation is one in which a patient is having intolerable side
effects; again, rotation to a different opioid may provide a bet-
ter side effect profile. A third situation occurs when a particular
opioid is not available by the route of administration required
in a given patient. A fourth situation would occur if a patient
has been on an opioid for an extended period of time and is
demonstrating signs of tolerance to the analgesic effects, again,
rotation to a different opioid may provide better analgesia, usu-
ally at less than the expected equianalgesic dose due to incom-
plete cross-tolerance, which means that the patient will not be
“as tolerant” to the new opioid agonist as he or she was to the
one previously taken. Thus, when converting between opioids,
for any of the reasonsmentioned above, the calculated equianal-
gesic dose of the new agent must be reduced by 25% to 75% to
prevent oversedation and/or respiratory depression.

Sustained-release formulations should generally only be
initiated in the acute setting if pain is present most of the
time and it is assumed that the pain generator will last for an
extended period of time (e.g., �2 weeks). If the pain is more
incident-related or expected to be of a brief duration, then
immediate-release agents should be employed. When using a
sustained-release opioid, also provide doses of an immediate-
release opioid equivalent to 10% to 15% of the 24-hour total,
to be used every few hours for breakthrough pain. While on
a sustained-release opioid, if the need for breakthrough pain
medications is high (e.g., if more than four rescue doses are
needed in 24 hours) then increase the dosage of the sustained-
release agent by 50% to 100% of the total 24-hour breakthrough
dose used.

Transdermal fentanyl is not appropriate for acute pain, espe-
cially in opioid-naı̈ve patients. There is a black box warning
against its use in the acute setting due to the risk of severe res-
piratory depression from the delayed peak effect of the drug as
the pain level decreases. It is intended for use in patients who
are already tolerant to opioids of comparable potency.

Methadone is not appropriate as the first-line agent in
the acute setting, especially in opioid-naı̈ve patients. Its use
requires an understanding of the unique pharmacology of
the drug, especially its extended duration of action and its
dose-dependent potency. Also, as it takes a few days to reach a
stable plasma concentration, patients will need to be followed
closely to monitor for effectiveness and side effects. It must
also be realized that methadone is a racemic mixture of a
µ-agonist and an N-methyl-d-aspartate (NMDA) antagonist,
whichmakes patients have a lesser degree of analgesic tolerance
development.
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A detailed discussion of the various adjuvant medication in
pain management will be discussed in additional chapters.

Acute pain in the opioid-tolerant patient
In patients with chronic pain on opioids, post-surgical pain
adds to the pain burden, thus opioid use can be expected to be
higher than just replacement of what the patient was on before
coming in to the hospital, and can be significantly higher than
in opioid-naı̈ve patients. More pain complaints and higher pain
scores should be expected. Discussion of reasonable goals and
expectations of analgesic therapy with the patient is crucial.
These patients often know what agents have either worked or
not worked for them in the past.The use of multimodal therapy
in this patient population is especially important.

IV patient-controlled analgesia
IV PCA is an excellent therapy for the maintenance of already
established analgesia. Therefore, if a patient is in moderate to
severe pain, health care provider-delivered doses of an opi-
oid must be used to reach an acceptable level of analgesia first
because the incremental dosing of a PCAwill not allow patients
to achieve comfort in a reasonable period of time.

PCA may be used in any patient requiring IV opioids pro-
vided that he or she is alert, oriented, and able to understand
how to use the equipment appropriately.

PCA parameters
All PCAmachines allow for the setting of the following param-
eters: demand (bolus) dose, lockout interval, hourly limit, con-
tinuous (basal) infusion, and rescue (loading) dose.

Demand (bolus) dose
The demand dose is the amount of opioid that the patient
receives each time he or she activates the machine. The appro-
priate choice for the amount of the demand dose should be
small enough so that side effects areminimized yet large enough
to provide effective analgesia.

Lockout interval
The lockout interval is the amount of time following a suc-
cessfully delivered demand dose during which the patient can
administer no further opioid even if the system is activated.
Lockout intervals between 5 and 10 minutes are commonly
used. Even though the time to peak effect for certain opioids
may be longer, there do not appear to be any data suggesting
that any specific time is more or less effective or safe, regardless
of the opioid chosen.

Hourly limit
An hourly limit sets the maximum amount of opioid that can
be administered in the given time period. The proposed pur-
pose for this setting is to add a level of safety to the system; how-
ever, no data support this claim.Anhourly limit is automatically

determined by the setting of a demand dose and lockout inter-
val.The use of an hourly limit less than the predetermined limit
based on bolus dose and lockout interval does not make logi-
cal sense, as the patient would be able to get a dose of opioid on
schedule for only a part of every given time period and then not
be able to receive anything for the remainder of the time period.

Continuous (basal) infusion
A continuous infusion delivers a set amount of opioid every
hour without the need for the patient to activate the system.
Continuous infusions are not commonly used, as no docu-
mented benefits have been shown for most patients. Continu-
ous infusions are not recommended in high-risk populations
such as elderly patients, opioid-naı̈ve patients, patients con-
comitantly using other sedatives, and patients with obstructive
sleep apnea or morbid obesity. The use of continuous infusions
increases the overall opioid consumption and has been iden-
tified as an independent risk factor for respiratory depression.
Continuous infusions have not been shown to improve patient
satisfaction or pain rating scores, and they do not decrease the
frequency of demand dose use.

It may appear to make sense to use a continuous infusion at
night when the patient is sleeping and therefore unable to acti-
vate the PCA; however, studies have shown that nighttime basal
infusions do not improve sleep or analgesia.

Continuous infusions may be needed in opioid-tolerant
patients, especially those who are chronically taking conti-
nuous-release agents. If the patient cannot take his or her usual
doses of opioid enterally, then a continuous infusion should be
used. Determine an IV equivalent for the amount of opioid that
the patient takes in a day (taking into account incomplete cross-
tolerance if switching to a different agent), divide this amount
by 24 hours, and administer as the hourly continuous infusion
rate.

Rescue (loading) dose
Rescue doses are specific amounts of opioid delivered by a
health care provider that are generally in excess of the patient’s
demand dose given when the level of analgesia from the PCA
is inadequate. These doses can also be administered at the ini-
tiation of PCA therapy to initially achieve an adequate level of
analgesia at which point they are more commonly referred to as
loading doses.

Patients may require a rescue dose for a variety of reasons
while they are on aPCA.Theremay be brief periods of increased
nociceptive input beyond the ability of the demand dose to be
effective (e.g., dressing changes). If patients forget to or cannot
use the PCA for a period of time (e.g., long period of sleep) they
may get behind on their analgesia and require a larger amount
of opioid to catch up.

PCA opioid choices
There does not appear to be a clearly superior opioid for use
in PCA devices. Because morphine has an active metabolite
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Table 144.4. Initial PCA demand doses in opioid-naı̈ve patients

Opioid agonist Demand dose

Morphine 1–2 mg
Fentanyl 20–30 µg
Hydromorphone 0.2–0.3 mg
Methadone 1–2 mg
Sufentanil 2–5 µg
Meperidine 10–20 mg

there can be an accumulation of effects, especially in elderly
patients and/or patients with renal failure, so it is generally best
to avoid in these patients. Fentanyl has a shorter duration of
action than morphine, which is good if one is concerned about
accumulating effects, but bad in that patients must frequently
activate the PCA. Meperidine should be used only in rare cases
in which a patient has documented intolerance to all other
opioid choices, and then it is recommended to limit the total
dose to 600 mg in a 24-hour period for no more than 3 days.
Methadone is especially useful in patients who take methadone
chronically, whereas it is not appropriate as a first-line agent
in others because the conversion from methadone to another
agent when the patient is taking oral analgesics is difficult given
the dose-dependent potency of methadone.

Table 144.4 lists the recommended starting demand doses to
be used in opioid-naı̈ve patients. In the opioid-tolerant patient,
these doses will need to be individualized based on the amount
of opioid the patient takes per day leading to higher initial
demand doses and possibly the initial use of continuous infu-
sions (see the Continuous (basal) infusion section.) High-risk
patients – identified as elderly (age 70 or older),morbidly obese,
or with a history of obstructive sleep apnea – should have lower
initial demand doses (e.g., one half the usual demand dose).

PCAmanagement
If the patient does not receive adequate pain relief with a given
demand dose, increase the dose of opioid per activation using
the parameters suggested in Table 144.5.

A small subset of opioid-naı̈ve patients may prove that they
need and can be safe with a continuous infusion. For example,
if, following several demand dose increases over several hours,
a patient continues to need to use the PCA frequently to main-
tain analgesia without evidence of side effects (i.e., sedation or
respiratory depression) and repeatedly gets behind, because he
or she falls asleep, and then awakens in severe pain not ade-
quately treated with the demand doses or easily treated with

Table 144.5. Usual PCA demand dose changes for inadequate analgesia

Opioid agonist Demand dose increase

Morphine 0.5–1 mg
Fentanyl 5–10 µg
Hydromorphone 0.1 mg
Methadone 0.5–1 mg
Sufentanil 2 µg
Meperidine 5–10 mg

rescue doses, then a low-dose continuous infusion may be
appropriate. The starting continuous infusion for the opioid-
naı̈ve patient should generally not be more than a single
demand dose per hour (e.g., 1–2 mg/h for morphine).

If a continuous infusion is being used in any patient, one
must be cautious if the amount of pain is assumed to be decreas-
ing with time (e.g., continued healing following surgery). If a
patient has a continuous infusion and does not need to acti-
vate the PCA, or if side effects (i.e., pruritus, nausea, sedation)
begin to increase, then the basal rate should be decreased or dis-
continued. This downard adjustment or discontinuation of the
basal rate allows for the maintenance of the inherent safety of
the PCA device in that the patient controls the amount of opi-
oid received as opposed to it being on an opioid infusion, to help
reduce the chance of respiratory depression.

PCA safety and efficacy
One of the major benefits of PCA is that it helps overcome the
wide interpatient variation in opioid requirements by allowing
each individual patient to titrate the amount of opioid that he
or she receives based on the response experienced. In addition,
there is some degree of a placebo effect imparted by the use of a
PCA enhancing the overall pain control.The patient-controlled
aspect is also one of the major safety features of the PCA in that
it is assumed that if a patient is getting sedated, he or shewill not
activate the PCA, thereby limiting the possibility of respiratory
depression.

Based on the results of several meta-analyses, when PCA
is compared to conventional nurse-administered opioids on a
PRN basis it has been shown to provide slightly better pain
control and improved patient satisfaction and is preferred by
patients. Patients with PCA use slightly more opioid and expe-
rience a higher incidence of pruritus but have similar rates of
other opioid-related side effects (e.g., nausea, vomiting, seda-
tion, and respiratory depression). There is also a slight (non-
significant) reduction in the length of hospital stay in patients
using PCA. Finally, there appears to be a lower incidence of pul-
monary complications in patients using PCA.

The reason that PCA is proposed to be more effective
than nurse-delivered opioid administration is termed the PCA
paradigm (Fig. 144.1). Analgesia is obtained when the plasma
concentration of an opioid is within a certain range, which
is specific to each individual. The lowest value of this range
is known as the minimum effective analgesic concentration
(MEAC). When the concentration of opioid goes above this
range no further analgesia is obtained and side effects (i.e.,
sedation and respiratory depression) occur. When the opioid
plasma concentration falls below the MEAC, the patient expe-
riences pain. The assumed course of events is that patients
will be able to maintain their own plasma opioid concentra-
tion around the MEAC by administering a demand dose every
time they experience pain, which is in contrast to conventional
nurse-administered boluses that result in much larger fluctu-
ations in opioid plasma concentration with time spent above
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Figure 144.1. Intermittent nurse-administered opioids versus PCA-
administered opioids. Shaded area: analgesic plasma concentration range.
Adapted from: Ferrante FM, Orav EJ, Rocco AG, Gallo J. A statistical model for
pain in patient-controlled analgesia and conventional intramuscular opioid
regimens. Anesth Analg 1988; 67:457–461.

the analgesic range as well as significant time spent below the
MEAC.

PCAmonitoring
Although there are no actual guidelines for how to monitor
patients on PCA, a recent statement by the Anesthesia Patient
Safety Foundation (APSF) offered recommendations.TheAPSF
advocates the use of continuous monitoring of oxygenation
(i.e., pulse oximetry) and ventilation in patients receiving PCA.
The reason for monitoring both oxygenation and ventilation
is that pulse oximetry has reduced sensitivity as a monitor of
hypoventilation when supplemental oxygen is administered.
Therefore, when supplemental oxygen is used, monitoring of
ventilation should be undertakenwith a technology designed to
assess breathing or estimate arterial carbon dioxide concentra-
tions. Continuous monitoring is most important for high-risk
patients (e.g., patients with obstructive sleep apnea, morbidly
obese patients) but likely should be applied to all patients.

Patient-controlled epidural analgesia
Although this section focuses on the use of patient-controlled
epidural analgesia (PCEA) for the postoperative patient, the
concepts can be used in other settings as well (e.g., women in
labor, cancer patients). A PCEA may be used in any patient
requiring epidural analgesia provided that he or she is alert,
oriented, and able to understand how to use the equipment
appropriately.

PCEA parameters
All PCEAmachines allow for the setting of the same parameters
as described for a PCA.

Demand (bolus) dose
The optimal demand dose for PCEA is not known but is usually
set at 2 to 4ml.There is no information that a particular demand
dose works best with a certain analgesic regimen.

Lockout interval
Lockout intervals between 10 and 20 minutes are commonly
used. These times are more in line with the peak effect of the
analgesics than are the lockout intervals used for PCA.

Hourly limit
If an hourly limit is used it should be the amount mathe-
matically determined by the choice of demand dose, lockout
interval, and continuous infusion rate. This determination will
ensure that the patient receives analgesics continuously.

Continuous (basal) infusion
Continuous infusions are commonly used for PCEA manage-
ment. Continuous infusions are usually started at 4 to 6 ml per
hour with the usual upper limit of 14 ml per hour. Height of the
patient does not appear to be a determinant of the correct infu-
sion rate.There are some data to suggest that weight is positively
correlated and age is negatively correlated with PCEA require-
ments. It is the location of the surgery, however, that appears to
have the strongest correlation with PCEA requirements in that
thoracoabdominal operations need higher rates than do lower
extremity surgeries. This increased anesthetic requirement is
likely a function of the number of dermatomes that need to be
covered.

Rescue (loading) dose
The amount of a rescue dose to be used will be determined by a
number of factors including the specific analgesics being used,
the number of dermatomes that need to be covered, and poten-
tially the hemodynamic status of the patient (see “PCEA man-
agement” section later in text).

PCEA analgesic agents
There does not appear to be a clearly superior regimen for use in
PCEA devices. Local anesthetics are the most commonly used
analgesic agents. Classically, bupivacaine is themost commonly
used local anesthetic due to its relative resistance to tachyphy-
laxis.The cardiotoxicity of bupivacaine has led some practition-
ers to the use of levobupivacaine or ropivacaine instead. The
usual ranges of concentration for the various local anesthetics
are listed in Table 144.6. Often the higher range of concentra-
tions is used for lower extremity orthopedic procedures and the
less concentrated solutions used for thoracic surgery; however,
there are no conclusive data to support this practice.

The next most common agents used for PCEA therapy are
the opioids. They are commonly used in combination with a
local anesthetic. There seems to be no benefit of administering
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Table 144.6. Local anesthetic choices for PCEA

Local anesthetic Concentration range

Bupivacaine 0.0625%–0.2%
Levobupivacaine 0.0625%–0.2%
Ropivacaine 0.1%–0.2%

lipophilic opioids (i.e., fentanyl or sufentanil) solely via the
epidural route. The site of action of lipophilic opioids when
given epidurally is not clear. Studies looking at the efficacy of
fentanyl and sufentanil given epidurally versus IV are contra-
dictory. Most studies measuring the plasma concentrations of
these opioids when given via an epidural or IV have shown no
difference in levels, thus suggesting that the major site of action
is not at the spinal cord but rather due to systemic absorption.

Hydrophilic opioids (i.e., morphine or hydromorphone),
in contrast, maintain high cerebrospinal fluid levels for an
extended period of time and therefore can act at the opioid
receptors in the spinal cord. Table 144.7 lists concentrations
documented in the literature for the various opioids when
administered via the epidural route; the “correct” dose is not
known. The total 24-hour dose of opioid must be kept in mind
if high, continuous-infusion rates or large, frequent-demand
doses are used, especially for high-risk patients. When used in
combination with local anesthetics, the lower end of the con-
centration ranges are suggested.

Other agents have been studied as adjuvant medications
added in combination with local anesthetics and/or opioids for
epidural use; however, they are not used extensively in most
clinical practices. This is likely because the studies are limited
and show equivocal results. The major proposed benefits are
improved analgesia and an analgesic sparing effect (i.e., the abil-
ity to use lower concentration of the other agents, specifically
local anesthetics and opioids). Table 144.8 lists the adjuvant
agents and offers suggested concentrations from the literature
as the “correct” doses have not been determined.

A major concern with the addition of clonidine has been
an increased incidence of hypotension and sedation. Use
of epinephrine has shown improved analgesia with activity,
although it may lead to an increased incidence of motor block.
Epinephrine use also has been shown to reduce plasma concen-
trations of lipophilic opioids by allowing them to remain in the
neuraxis for long enough to actually bind to the opioid recep-
tors in the spinal cord. The concern with neostigmine is that,
when used for intrathecal administration, a dose-dependent
incidence of nausea and vomiting occurs as well as sedation,

Table 144.7. Opioid choices for PCEA

Opioid Concentration range

Fentanyl 1–4 µg/ml
Hydromorphone 10–50 µg/ml
Morphine 20–100 µg/ml
Sufentanil 0.5–1 µg/ml

Table 144.8. Other agents for PCEA

Analgesic Concentration range

Clonidine 1–3 µg/ml
Epinephrine 2–5 µg/ml
Neostigmine 1–7 µg/ml

but epidural use does not seem to have the same increased
incidence of nausea and vomiting, and only minimal sedation
occurs, if at all. Also, when neostigmine is started preopera-
tively it may provide some degree of a preemptive analgesic
effect.

PCEA complications/side effects
Epidural infusions are associated with complications related to
the placement of epidural catheters and medications used. The
incidence of serious, permanent neurologic complications is
exceedingly rare, and data comprise mostly a handful of case
reports. The incidence of spinal hematoma has classically been
thought to be 1:150,000 in the presence of normal coagula-
tion, although recent studies have suggested that it may bemore
common. The incidence of epidural hematoma formation in a
patient who is anticoagulated is not known, but it is estimated at
1:3000 in patients receiving therapeutic low-molecular-weight
heparin. A full discussion of epidurals and anticoagulation is
beyond the scope of this chapter; the most recent guidelines
can be found on the American Society of Regional Anesthesia
and Pain Medicine Web site (www.asra.com). Epidural abscess
incidence is not known but is considered rare (at most 0.05%).
Risk factors for abscess formation may be longer times of hav-
ing the epidural in place (possibly � 6 days) as well as use
in immunocompromised patients. Intrathecal or intravascular
migration of an epidural catheter is estimated at approximately
0.2%, although it is likely much less frequent. The incidence
of premature catheter dislodgement is estimated at approxi-
mately 6%.

The major side effects due to local anesthetics in epidurals
are hypotension, central nervous system (CNS) toxicity, and
motor block. The probability of hypotension from an epidural
does not rise above 1% to 2% until the spread of the epidural
is beyond 14 sympathetic dermatomes. In most instances, the
band of analgesia, plus another 6 dermatomes for the spread
of the sympathetic blockade beyond the analgesic level, is less
than 14 dermatomes.Themajormechanism bywhich an epidu-
ralmight cause hypotension is throughdecreased venous return
(preload) from reduced venous capacitance; therefore, themost
appropriate treatment is increasing cardiac preload by increas-
ing intravascular volume. Hence, hypotension is rarely seen in
the supine normovolemic patient. Thus it is often the fluid sta-
tus of the patient that is more of a causative factor than the
epidural itself. This is evidenced by the fact that stopping the
epidural infusion in a patient often does not improve blood
pressure unless the pain becomes so great that a large sympa-
thetic response occurs.
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CNS toxicity (seizures) from systemic accumulation of local
anesthetics is obviously based on the total amount of the drug
used over time and has an estimated incidence of 0.01% to 0.1%.
Motor block of the lower extremities is estimated at less than
3% when lower concentrations of local anesthetic are used and
greater than approximately 25% with higher concentrations. In
addition, the level of epidural insertion hasmuch to do with the
actual incidence in that lumbar epidurals are more likely than
thoracic epidurals to cause motor block.

The incidence of nausea and/or vomiting with opioid-
containing PCEA therapy is estimated at between 4% and 15%,
although higher incidences have also been reported. The inci-
dence of severe pruritus is between 2% and 17%, with the inci-
dence of any degree of pruritus likely being well over 50%.
Sedation is reported to occur in approximately 15% of patients.
Respiratory depression is estimated to occur in 0.1% to 0.4% of
patients. A higher incidence (approaching 1.5%) of respiratory
depression is seen in some studies using morphine.

The respiratory depression seen with epidural opioids is
biphasic. Early respiratory depression (within an hour of epidu-
ral initiation) is thought to be due to systemic absorption of
the opioids via epidural veins and is thus more likely with the
lipophilic opioids. Delayed respiratory depression (occurring
4–8 hours after epidural initiation) is seen especiallywhenusing
the hydrophilic opioids and is thought to be due to the cephalad
spread of the opioids in the cerebrospinal fluid.

PCEAmanagement
Inadequate pain relief with an epidural can be due to a number
of reasons, and an evaluation of the patient needs to be done
to determine the best course of action. When a local anesthetic
is part of the epidural solution, this evaluation should entail a
determination of where the band of analgesia is located, either
by testing for pinprick sensation or temperature differentiation.
If the level of analgesia is more, or completely, one-sided the
epidural catheter can be pulled out of the epidural space in
0.5- to 1-cm increments in an attempt to make the block bilat-
eral. The optimal depth of multiorifice catheters is 3–5 cm in
the epidural space. If the level of analgesia is not adequate to
cover the entire extent of the surgical incision, then the rate
of the continuous infusion can be increased, usually in incre-
ments of 2 ml/h, or the concentration of the local anesthetic
can be increased. Either change will increase the number of der-
matomes covered as the total quantity of local anesthetic, in
milligrams, is the major factor in the amount of spread. If the
patient has an adequate number of dermatomes covered but is
still having pain, then the block is not dense enough. In this case,
change the epidural solution to a more concentrated local anes-
thetic and/or add other agents (i.e., opioid and/or adjunct). If at
any point the patient is in severe pain, a rescue dose of either the
epidural infusion (4–8 ml) or a more concentrated local anes-
thetic bolus (e.g., 3–6 ml of 0.25% bupivacaine) can be used to
achieve comfort faster.

Lower-extremity motor block can be of any degree from
mild to complete. If the level of analgesia does not need to
cover the lumbar nerves and it more than adequately covers
the surgical incision, then the rate of the continuous infusion
can be decreased (usually in increments of 2 ml/h). If the level
of analgesia needs to cover the lumbar nerves or if the level
of analgesia is just covering the extent of the surgical incision,
then the local anesthetic concentration should be decreased to
attempt tomake themotor block less pronounced. If the patient
is not going to be getting out of bed, for reasons other than the
motor block from the epidural, then no change in therapy is
really necessary, especially if themotor block is not bilateral and
complete.

The concern with a complete motor block, especially one
that occurs after the epidural has been running for some time
with normal motor function previously, is that it may be a sign
of the development of an epidural hematoma. Motor block, the
most common presenting symptom of epidural hematomas, is
seen in 46% of cases, followed by back pain in 38% of cases. If an
epidural hematoma is suspected, the epidural should be stopped
and motor function evaluated over the next 2 hours. If no reso-
lution of the motor block occurs in this time, the patient should
be sent for an MRI to rule out hematoma formation. The best
chance for recovery of neurologic function from an epidural
hematoma is to undergo a decompression laminectomy within
8 hours of the onset of symptoms.

As stated in the PCEA complications /side effects section, if
hypotension is seen it is usually best to treat with intravascu-
lar volume expansion. If this is not possible, then the analgesic
level should be established to ensure that the spread is not too
excessive for the surgical incision; if it is, then a reduction in
the continuous infusion rate can be made. If the hypotension
is so severe that the epidural infusion needs to be turned off,
one should ensure that the patient has another means of anal-
gesia (e.g., IV PCA). In addition, if the blood pressure does not
increase significantly after approximately 2 hours, then it is not
likely that the epidural was contributory to the hypotension and
the infusion can be restarted.

If the patient is having the opioid-related side effects of nau-
sea and/or vomiting or pruritus, the options are to treat the par-
ticular side effect with a specific therapy or remove the opioid
from the epidural solution. To treat nausea and/or vomiting,
any of the available antiemetics can be tried as none has been
proven to be the most effective. The pruritus caused by epidu-
ral opioids is generally not due to histamine release, instead
being a central µ-receptor–related phenomenon.Thus it is best
treated with a medication that has µ-receptor antagonist prop-
erties (e.g., 5 mg of IV nalbuphine every 4 hours PRN) – not an
antihistamine.

Sedation or respiratory depression from epidural opioids
definitely requires at least the removal of the opioid from the
solution. If either is severe, especially respiratory depression,
then naloxone administration may be necessary. Careful titra-
tion of naloxone (40-µg increments every couple of minutes) is
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necessary to minimize the chance of complete reversal of anal-
gesia and the development of hypertension, tachycardia, and
pulmonary edema. Naloxone has a relatively short duration of
action (about 1 hour); therefore, patients should be monitored
for return of respiratory depression as the opioid effects can
last as long as 12 hours after discontinuation. Therefore, repeat
doses of naloxone may need to be given. Another option is to
begin a naloxone infusion.

PCEA efficacy versus parenteral opioids
Based on the results of several studies andmeta-analyses, epidu-
ral analgesia is better than PCA with opioids in a number of
ways. Pain control is improved for general surgery, orthope-
dic, and gynecologic patients. All epidural regimens (except
hydrophilic opioids alone) when compared to PCA provide
improved analgesia. There is statistically better analgesia at rest
and during activity for all types of surgery (through postoper-
ative day 4), as well as clinically appreciable differences in pain
with activity through postoperative day 1. Greater improve-
ments in analgesia are seenwhen epidurals contain a local anes-
thetic and when the insertion level is matched to the surgery
(i.e., epidural insertion site around the mid-dermatome of the
incision).

There is a reduction in pulmonary and cardiac complica-
tions (including postoperative myocardial infarction) in major
vascular surgery and in high-risk patient populations with the
use of thoracic epidurals. In addition, there is a reduction in the
time of postoperative ileus (by 1–1.5 days) following abdom-
inal surgery with the use of epidural regimens that contain
local anesthetics.There has also been the suggestion that epidu-
rals decrease the time to mobilization, duration of intensive
care unit stay, and time to discharge. In lower-extremity revas-
cularization, epidurals have been shown to improve the inci-
dence of graft survival. Historically, epidurals have reduced
the incidence of deep vein thrombosis (DVT) and pulmonary
embolism (PE); however, no studies have been done recently
comparing epidural infusions to newer pharmacologic throm-
boprophylaxis. Epidural therapy is more expensive than PCA
therapy. In terms of side effects, PCA therapy has a higher
incidence of nausea and sedation, whereas epidurals have a
higher incidence of pruritus, urinary retention, and motor
block (although this will vary with the agents and concentra-
tions chosen).

PCEA efficacy versus continuous
epidural infusions
It has been suggested that PCEA compared with continuous
epidural infusion (CEI) optimizes pain control by allowing the

patient to top-up him- or herself when there is an increase in
pain or in anticipation of a painful event (e.g., prior to getting
out of bed or having physical therapy) as opposed to having to
wait for a health care provider. Some studies have shown that
PCEA compared to CEI provides improved analgesia, whereas
others have only shown a decreased requirement for provider-
administered boluses. Some data are contradictory in terms of
whether PCEA or CEI provides improved analgesia, but PCEA
has been suggested to improve patient satisfaction, and PCEA
does reduce the total amount of analgesics required. Addition-
ally, PCEA has a decreased risk of motor block and nausea but
an increased incidence of pruritus when compared to CEI.

PCEA safety andmonitoring
Tubing that is clearly marked and differentiated from IV tubing
(e.g., different color) is essential to prevent medications other
than the intended epidural solution frombeing injected into the
epidural space. Although there are no actual guidelines for how
to monitor patients on a PCEA, the APSF does offer some rec-
ommendations if the infusion contains an opioid as described
in the section PCA monitoring.
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Chapter

145 Multidisciplinary approach to chronic
painmanagement
Pradeep Dinakar and Edgar L. Ross

Pain is themost common presenting symptom and accounts for
the majority of visits to the physician’s office. Acute pain can
usually be treated with oral, intravenous, or epidural adminis-
tration of analgesics, both opioid and non-opioid. Unlike the
treatment of acute pain, that of chronic pain is usually more
complex given the bio-psycho-socio-genetic influences on the
development of chronic pain. A common mistake and rea-
son for treatment failure is the tendency to simplify the treat-
ment of chronic pain by trying these approaches individually
and sequentially rather than simultaneously. A multimodality
approach addressing these complex interrelated factors leads to
the best possible outcome. Several other treatment barriers have
been identified that lead to these poor outcomes (Table 145.1).

The evaluation process should identify the various prob-
lems, and the treatment plans formulated must address these
problems concurrently. Individual treatment plans addressing
all of the problems maximize the potential for improved out-
comes. Treatment plans for chronic pain should consist of the
following components tried concurrently:

� Pharmacologic management;
� Interventional pain management;
� Pain-related psychological symptom management along

with behavioral therapy; and
� Rehabilitation directed toward improving the patient’s

function and endurance.

Table 145.2 enumerates the various treatments available for
chronic pain.

Pharmacologic management
Many different classes of medications have been used in the
treatment of pain. Given the varying pain physiologies, rarely
can one single medication be completely effective in all types
of pain. The most common approach is to try various differ-
ent classes of medications, both individually and in combina-
tion, until optimal pain relief is obtained. Polypharmacy can
lead to both synergistic analgesic effects as well as a reduction in
individual medication side effects due to dose reduction. Good
knowledge of the pharmacodynamics, pharmacokinetics, and
adverse effects of these medications is essential in the treatment
of these conditions.

Analgesics can be classified as either primary or adjuvant
medications based on the pain etiology. In most of the noci-
ceptive pain conditions the primary medications are usually
opioid or nonopioid drugs, and adjuvants are anticonvulsants,
antidepressants, N-methyl-d-aspartate (NMDA) antagonists,
muscle relaxants, or topical medications. In neuropathic pain
syndromes, these adjuvants serve as the primary medications
and the opioid and nonopioid medications work as adjuvants
given their lack of efficacy in neuropathic pain. Table 145.3 lists
some of the more common classes of medications used in pain
management.

Opioid analgesics
Opioid analgesics are µ-receptor agonists, which are the oldest
class of medication used in the management of both cancer and
noncancer pain. Multiple routes of administration include oral,

Table 145.1. Chronic pain management treatment barriers

Treatment barrier Solution

Inadequate or wrong type
of analgesics

Defining the types of pain and using
appropriate agents are important for
successful treatment.

Allowing patients to
overuse analgesics

Use treatment contracts for controlled
substances, and monitor effects of
medication and improvement in the
patient’s function with the use of these
analgesics.

Failure to use
polypharmaceutical
approaches

Often no single analgesic can be effective
by itself. The use of multiple
pharmaceutical agents enhances
analgesia and can decrease individual
side effects.

Failure to recognize
patient’s psychological
symptoms, such as
depression and anxiety

Psychological symptoms are common and
enhance pain perception.

Failure to recognize a
patient’s loss or lack of a
social support system

Social isolation and loss of a job is common.
Distraction is an easy and effective
approach for chronic pain.

Failure to recognize
deconditioning and
other rehabilitative needs

Deconditioning and muscle weakness lead
to further pain if activity is inappropriate
for ability. Energy conservation principles
are important for successful treatment.

From Ross EL. Pain Management. Hot Topics. 1st ed. Philadelphia: Hanley &
Belfus; 2003.
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Table 145.2. Multidisciplinary modalities for pain treatment

Treatment modality Description

Medications Medication management for different types of pain and associated symptoms; see Table 146.3 for more specific
management discussion.

Nerve blocks Interventional treatments that can be helpful even when patients have not responded to noninvasive therapies.
Surgery and implantable devices In certain well-selected patients, implantable devices, such as spinal cord stimulators and intrathecal pumps, can be

helpful as part of a comprehensive treatment plan.
Relaxation training Anxiety and unmanageable stress enhance a patient’s pain perception.
Biofeedback These approaches can provide patient-initiated nonpharmacological treatment and help to give patient a sense of

control.
Support and education, groups and

individual
Using groups and individual approaches, learning about what chronic pain is and how a patient can restore

self-control can be helpful.
Psychotherapy Depression and other comorbid psychological conditions can stand in the way of meaningful progress in chronic pain

management.
Vocational counseling Helpful for treatment plans that call for return to work; should be obtained early in the treatment course to facilitate

goal-directed treatment.
Occupational and physical therapies A must for almost all chronic pain patients to restore function.
Transcutaneous electrical nerve

stimulation (TENS)
Noninvasive device that can be helpful for select patients where electrical energy is applied to the skin through

electrodes.
Acupuncture and other alternative

medicine approaches
Alternative medicine therapies have been helpful for relaxation and analgesia in well-selected patients as part of the

treatment plan.
Nutrition counseling Many chronic patients are obese and require weight loss as part of a treatment plan.

Modified from Ross EL. Pain Management. Hot Topics. 1st ed. Philadelphia: Hanley & Belfus; 2003.

intravenous, epidural, intrathecal, topical patch, buccal, rectal,
and inhalational. Given the inherent risk of abuse and depen-
dence, these drugs are classified as Schedule II and III drugs.
Tolerance and dependence are common among all opioid med-
ications. Reducing analgesia due to tolerance can be countered
by opioid rotation. The initial management of nociceptive pain
is with noncombination or combination short-acting opioids.
Long-acting opioids are useful when the short-acting opioids
fail to effectively control pain. These long acting opioids pro-
vide a baseline pain control, and short-acting opioids are used
for breakthrough pain. These short-acting opioids are dosed at
10% to 15% of the total opioid dose. Breakthrough doses should
ideally not exceed four doses per day. Opioid side effects are
common with increasing doses and in more sensitive patients.
The first strategy is opioid rotation, which can often improve

a patient’s tolerance to this therapy. The more common side
effects and their treatments are listed in Table 145.4.

Nonopioid analgesics
Nonopioid medications include the nonsteroidal anti-inflam-
matory drugs (NSAIDs), corticosteroids, and aceta-
minophen. NSAIDs are the most commonly prescribed
medications for pain. They work by inhibiting cyclooxygenase
(COX) 1 and 2. This COX1 inhibition also forms the basis for
their gastrointestinal (GI) side effects. COX2 inhibitors are
selective in controlling inflammation and have minimal GI side
effects. Acetaminophen is now thought to work on a recently
identified COX3 receptor. Both classes of NSAIDs should be
used with caution in patients with a history of hypertension,

Table 145.3. Medication classes useful in management of chronic pain

Drug class Pain treated

Opiates (oxycodone, OxyContin, Percocet, hydrocodone, morphine,
methadone)

Used for nociceptive pain; helpful with appropriate adjuvants for neuropathic pain.

NSAIDs (aspirin, naproxen, ibuprofen, celecoxib) Mainly useful for nociceptive pain; the COX2 inhibitors have increased the variety of
clinical settings where they can be used with reduced GI discomfort.

TCAs (amitriptyline, nortriptyline, doxepin, imipramine) Neuropathic pain, can improve sleep and mood.
SSRIs (citalopram, fluoxetine, fluvoxamine, paroxetine, sertraline) Some studies have suggested that these might be helpful in neuropathic pain

syndromes. They are helpful for depression, which is common in chronic pain.
Anticonvulsants (gabapentin, pregabalin, tegretol, valproic acid, valium,

topiramate, levetiracetam, zonisamide, lamotrigine)
Primarily used for neuropathic pain syndromes; can be useful as adjuvant for
opiates and improvement in quality of sleep.

NMDA receptor antagonists (ketamine, memantine dextromethorphan) Useful as opiate adjuvants, might help to improve responsiveness of neuropathic
pain to opiates; might be helpful to manage opiate tolerance

Muscle relaxants (baclofen, valium, cyclobenzaprine) Myofascial pain from muscle spasms and headaches.
µ-2 agonists (tizanidine, clonidine) Useful for opiate withdrawal, can be helpful for neuropathic pain.
Topical medications (lidocaine patch, desipramine cream, capsaicin) Localized neuropathic pain or dysesthesias.

Modified from Ross EL. Pain Management. Hot Topics. 1st ed. Philadelphia: Hanley & Belfus; 2003.
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Table 145.4. Opioid-induced complications and their treatments

Side effect Treatment approach Comments

Nausea Antiemetics or pro-peristaltic agents Ensure that the patient is not constipated.
Sedation Psychostimulants such as methylphenidate

or modafinil
Use low doses and administer in AM to avoid sleep difficulties. Consider depression
with this side effect.

Euphoria Trial of methadone This can be a troubling side effect for many patients.
Constipation Laxatives, stool softeners, oral naloxone Use prophylactic measures to avoid this routine side effect.
Loss of libido Hormone replacement therapy High-dose opiates cause suppression of the hypothalamic pituitary axis.
Loss of appetite Anabolic steroids or dronabinol (Marinol;

Abbott Laboratories)
Also a symptom of depression

Dizziness Consider scopolamine patch. Opioids can have an effect on the inner ear balance mechanism.
Urinary retention Trial of bladder muscle stimulant such as

bethanechol (Urecholine; Duramed
Pharmaceuticals )

If using a tricyclic or other anticholinergic, consider stopping or changingmedication.

Respiratory depression Usually not needed, tolerance builds rapidly If respiratory depression is noted, look for new developing pathology.
Myoclonus GABA agonists, such as baclofen,

benzodiazepines
Rare with oral routes; consider reducing opioid doses if able, opioid rotation or
alternate routes such as epidural or intrathecal route

From Ross EL. Pain Management. Hot Topics. 1st ed. Philadelphia: Hanley & Belfus; 2003.

concurrent use of prednisone, coronary artery disease, pre-
existing renal disease, peptic ulcer disease, or concurrent use
of other highly protein-bound drugs, such as coumadin. The
routes of administration include oral, intravenous, rectal, and
topical.

Antidepressants
Antidepressants are used in the management of pain and
depression in chronic pain. Their use is limited by debilitating
side effects as seen in Table 145.5. When using these medica-
tions, the effective approach is to pick the drug with the side-
effect profile that may be a secondary benefit to the patient.
Tricyclic antidepressants (TCAs) exert their analgesic effect

by restoring inhibitory controls through blockade of nora-
drenaline and serotonin reuptake. Unfortunately, the tricyclics
are limited by significant anticholinergic side effects that many
patients find intolerable. Newer antidepressants, such as the
selective serotonin reuptake inhibitors (SSRIs) and selective
norepinephrine reuptake inhibitors (SNRIs), lack anticholiner-
gic side effects.

Anticonvulsants
The various generations of anticonvulsants have neuropathic
pain action (Table 145.6).They are commonly used as adjuvants
in nociceptive pain and as primary agents in neuropathic pain
unless limited by side effects or lack of efficacy. Carbamazepine

Table 145.5. Side effects of TCAs

Side effect Drug class and examples Comments

Cardiovascular effects TCAs cause postural hypotension, nortriptyline and doxepin
less than imipramine, amitriptyline, desipramine,
clomipramine

Most serious in elderly patients with increased risk of falling
and hip fractures

TCAs have also been shown to increase the incidence of
cardiac arrhythmias in patients with existing cardiac disease.

There might even be a risk of this side effect in patients
without evidence of cardiovascular disease.

Sedation Common with all TCAs; nortriptyline less common and the
SSRIs and desipramine can produce insomnia

The sedating TCAs are often used at night to take advantage
of their sedation. To avoid falling, care should be taken with
patients who frequently get up at night.

Anticholinergic effects Imipramine, amitriptyline, and doxepin show strong effects,
less so with nortriptyline, desipramine; SSRIs lack this effect

Manifested by dry mouth, constipation, and urinary retention

Weight change TCAs cause increased appetite, SSRIs can lead to anorexia and
some weight loss.

Consider drug class based on weight goals for patient

Sexual dysfunction TCAs and SSRIs have all been reported to have sexual side
effects.

Consider dose reduction or plan sexual activity with trough
levels of drug.

Psychiatric complications Use TCAs with caution in suicidal patients; can trigger mania in
bipolar patients.

Seek psychiatric help for patients with complicated
psychological history.

Withdrawal symptoms Both SSRIs and TCAs Wean all antidepressants; avoid abrupt discontinuation.
Central serotonin syndrome Can be caused by combinations of SSRIs and TCAs Use these combinations with caution.
Analgesic effects Strong analgesics include imipramine, amitriptyline,

nortriptyline, and desipramine. Less analgesic are the SSRIs.
Venlafaxine and bupropion might have some analgesic
activity.

Balance dose, side effects, and analgesic activity; consider
adding anticonvulsant to lower antidepressant doses when
partial response to antidepressant alone

From Ross EL. Pain Management. Hot Topics. 1st ed. Philadelphia: Hanley & Belfus; 2003.
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Table 145.6. Types of anticonvulsants used in pain management

Drug Dose Frequency How supplied,mg Comments

First-Generation Anticonvulsants
Carbamazepine (Tegretol, Novartis

Pharmaceuticals )
100–1000 BID to QID 100, 200, 20 mg/ml suspension, also

200 and 300 CR tablets
Requires monitoring for liver toxicity and
anemia

Phenytoin (Dilantin, Pfizer
Pharmaceuticals)

100–300 QD 50, 100, also 100 CR capsule, 25
mg/ml suspension

Not helpful for neuropathic pain; significant
side effects

Valproic acid (Depakote, Abbot
Laboratories)

150–1000 TID 125, 250, 500 coated tablets Not helpful for neuropathic pain; indicated for
third-line migraine prophylaxis

Clonazepam (Klonopin, Roche
Laboratories)

.25–2 mg/d TID 0.5, 1.0, and 2.0 tablets Limited evidence for efficacy as an analgesic;
must be weaned off slowly because of
potential of seizures

Second-Generation Anticonvulsants
Gabapentin (Neurontin, Pfizer

Pharmaceuticals)
900–3600 TID 100, 300, 400 capsules, 600 and

800 tablets
Indicated for PHN; doses should titrated
upward to 3600 mg at least before
determining to be ineffective

Lamotrigine (Lamictal, Glaxo
SmithKline)

150–500 BID 25, 100, 150, 200 tablets and 5,
25 mg dispersion tablet

Slow titration at 25 mg/wk to avoid
Stevens–Johnson syndrome; also associated
with nausea, vomiting, and visual
disturbances

Topiramate (Topamax, Ortho-McNeil
Pharmaceuticals)

25–200 BID 15, 25 capsules, 25, 100, 200 tablets No consistent evidence for neuropathic pain;
good support for headache management;
associated with weight loss

Oxcarbazepine (Trileptal, Novartis
Pharmaceuticals)

150–300 BID–QID 150, 300, 600 tablets Monitor sodium levels

Levetiracetam (Keppra, UCB Pharma) 1000–4000 BID–QID 250, 500 tablets Well tolerated, little evidence for efficacy
Zonisamide (Zonagran, Elan

Biopharmaceuticals)
100–400 QD 100, 200, 300, 400 tablets Titrate slowly, to avoid sedation; little evidence

for efficacy
Tiagabine (Gabitril, Cephalon) 2–32 mg BID–QID 2, 4, 12, 16 tablets Small trials show some efficacy

CR, Controlled release; PHN, Post-herpetic neuralgia.
From Ross EL. Pain Management. Hot Topics. 1st ed. Philadelphia: Hanley & Belfus; 2003.

may produce bonemarrow depression, phenytoin causes unde-
sirable cosmetic effects (gum hyperplasia, hirsutism) and ataxia
at high doses, valproate can produce hepatotoxicity, and neu-
rontin causes weight gain and sedation.

NMDA antagonists
The various medications in this class are ketamine, meman-
tine, dextromethorphan, and methadone. Ketamine has shown
considerable efficacy in treating neuropathic pain. Methadone
is effective in weaning heroin and other narcotic abusers in
detoxification.

Muscle relaxants
Muscle relaxants are a varied group of medications that involve
depression of the central nervous system (CNS). The various
classes of muscle relaxants are shown in Table 145.7. The � -
aminobutyric acid (GABA) agonists and other CNS depressants
have been shown to have analgesic effects in both chronic and
acute pain. The mechanism of action is thought to be through
the depression of the descending reticular activation system and
not peripheral inhibition. Benzodiazepines and carisoprodol
have long-term dependency liability. Sedation is a common
side effect with most of the muscle relaxants. Clonidine acts by
potentiating the effects of opioids. It is most commonly used
intrathecally along with opioids. Cyclobenzaprine is related to

TCAs. Itsmechanismof action is through a reduction in activity
of both the gamma and alpha motor systems.

Topical medications
Topical medications have the potential advantage of providing
effective therapy without the side effects of systemic absorption.
Topical medications would have the promise of being effective
adjuvants against peripheral sensitization, which is a significant

Table 145.7. Types of muscle relaxants

Drug class Trade name Generic name

GABA agonists Lioresal (Novartis
Pharmaceuticals)

Baclofen

Valium (Roche
Laboratories)

Diazepam and other
benzodiazepines

CNS depressants Soma Carisoprodol
Parafon Forte Chlorzoxazone
Skelaxin (King

Pharmaceuticals)
Metaxalone

Robaxin (Schwarz
Pharmaceuticals)

Methocarbamol

Antihistamines Norflex (3M Pharma) Orphenadrine
Centralµ2-adrenergic
agonists

Catapres Clonidine
Zanaflex Tizanidine

TCA-like drug Flexeril Cyclobenzaprine

From Ross EL. Pain Management. Hot Topics. 1st ed. Philadelphia: Hanley &
Belfus; 2003.
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Table 145.8. Behavioral therapy for chronic pain

Therapy Description

Hypnosis and visualization The patient is taught to visualize relaxing mental images, such as a secluded beach or a peaceful meadow. This helps to
decrease anxiety, and facilitates deep relaxation.

Guided imagery Directed visualization focuses on specific psychological issues using pain-decreasing images.
Biofeedback Relaxation technique measures a physiologic phenomenon, such as muscle tension, and provides audible or visual feedback

indicating a state of relaxation.
Cognitive-behavioral therapy This teaches various techniques, such as distraction training, cognitive restructuring, role-playing, or mental imagery.
Group therapies When well planned and with appropriate patient dynamics, group therapy is helpful. The interaction is planned to share

important breakthroughs in insight, discuss progress with treatment, and different strategies for overcoming everyday
obstacles to improvement.

Family therapy Patients and their families often feel angry at each other. The family can be a significant stressor but is an important source of
support that is needed for progress. This approach attempts to bring insight into how to provide support without enabling
continued disability.

From Ross EL. Pain Management. Hot Topics. 1st ed. Philadelphia: Hanley & Belfus; 2003.

mechanism for the maintenance of a chronic pain condition.
Limitations of topical agents include (1) the ability to treat only
relatively small areas and (2) systemic absorption. Examples of
topical medications include NSAIDs, local anesthetics (EMLA
cream: eutectic mixture of lidocaine and prilocaine), and cap-
saicin, a vanilloid agonist that causes conduction analgesia not
associated with suppression of motor or sensory function un-
related to pain.

Interventional painmanagement
Interventional approaches to pain management and their com-
plications are described in detail later. They are almost always
used in conjunction with other conservative modalities of
treatment.

Psychological approach
Coexisting psychological problems including depression, anxi-
ety, mood disorders, personality disorders, anger, and history of
abuse are commonly associated with chronic pain. Table 145.8
lists some of the psychotherapy approaches to deal with these
problems.

Rehabilitation
Rehabilitation is as important asmedical management and psy-
chological therapy in the successful management of chronic
pain. It helps in restoring better daily function and quality of
life, reducing psychological comorbidities, and even discon-
tinuing pain medications. Without rehabilitative therapies, the
likelihood of improvement is low and the chance of reoccur-
rence for disability is high. Patients are taught that pain should
not dictate the level of activity and the same level of activity
should bemaintained irrespective of the level of pain.Thebasics
of the rehabilitative strategies described in Table 145.9 include
general aerobic conditioning and focused therapy directed at
the injured part of the body. Given that therapy is difficult in
this patient population, maintaining motivation is key to a bet-
ter outcome. Group activities, keeping logs of progress, and
involvement in miscellaneous recreational activity can be of
help to improve compliance. The initial part of acute rehabil-
itation involves 3 to 5 days of intense therapy. Aggressive ther-
apy can result in noncompliance due toworsening of pain. After
patients start meeting the initial goals, visits can be gradually
decreased in frequency and intensity. An overview of the treat-
ment of chronic pain is presented in Fig. 145.1.

Table 145.9. Rehabilitative therapies for chronic pain

Rehabilitative therapy Description of treatment and goals

Modalities such as heat, ice, ultrasound These are temporary, short-lasting therapies and therefore should only be used as adjuvant to an active rehabilitation.
Stretching Mild and controlled stretching prepares the patient for further activity. Care should be taken to avoid injuring tight

muscles that have not been active for a long period of time.
Cardiovascular exercise Chronic pain patients are often deconditioned. A general aerobic program can increase endurance and activity

tolerance. Aerobic exercise has antidepressant effects.
Work conditioning This is a specific program that is used to prepare for a return to work. A job description is obtained, and the goals of

therapy should lead to the physical demands of that type of work.
Strength training This is usually focused on the portion of a chronic pain patient that is significantly weakened by the original insult.

This approach is also used to train alternate muscle to supplement the site of original injury. Care should be taken
to keep the goals realistic and avoid further injury.

Orthotics and prosthetics Adaptive aids are often useful for return to function. The benefits of truly understanding a patient’s impairments and
creatively designing adaptive aids can be extremely helpful in enhancing function.

From Ross EL. Pain Management. Hot Topics. 1st ed. Philadelphia: Hanley & Belfus; 2003.
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Chronic Pain Management

Pain present for 3 months with significant loss of function, 
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Teach self care
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evaluation.  Document 
signs and symptoms 

affecting patient's function.

Psychological 
issues present?

Yes

Begin rehabilitation 
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education and function

No

Effective, 
progress being 

made?

Continue goal 
orientated rehabilitation

Yes

Effective, 
progress being 

made?
Yes

No

Yes
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treatment of 
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continue with physical 
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Sedating tricyclics, or 
other sleep aids

Sleep

Reevaluate patient and 
determine barriers to 

progress

A

Determine if 
nociceptive or 
neuropathic or 
combined pain. 

Yes

A

Rehabilitation 
problems, including pain, 

sleep deprivation, 
functional or psychological 

barriers.

B

B

No

Keep activity logs. 
Teach energy 
conservation 
approaches.

Activity 
intolerance

Psychological
issues

Effective, 
progress being 
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Yes

No

Figure 145.1. Overview of the multidisciplinary approach to chronic pain. (From Ross EL. Pain Management. Hot Topics. 1st ed. Philadelphia: Hanley & Belfus;
2003.)
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Chapter

146 Psychological evaluation and treatment
of chronic pain
Robert N. Jamison

Introduction
The International Association for the Study of Pain defines pain
as “an unpleasant sensory and emotional experience associated
with actual or potential tissue damage or described in terms of
such damage.” This definition recognizes that pain is an emo-
tional as well as a sensory phenomenon. Pain is the most com-
mon reason to see a physician, and epidemiologic studies have
independently documented that chronic noncancer pain is seen
as an international problem of immense proportions.

Chronic pain influences every aspect of a person’s func-
tioning. Profound changes in quality of life are associated with
intractable chronic pain. Significant interference with sleep,
employment, social function, and daily activities is common.
Chronic pain patients frequently report depression, anxiety,
irritability, sexual dysfunction, and decreased energy. Family
roles are altered, and worries about financial limitations and
future consequences of a restricted lifestyle abound. Patients
with chronic back pain generally present with a history of mul-
tiple medical procedures yielding minimal physical findings.

Psychological assessment of chronic pain
Important components of chronic pain that must be evalu-
ated as part of a psychological assessment include pain inten-
sity, functional capacity, mood and personality, coping and pain
beliefs, andmedication usage. In addition, a behavioral analysis
should be conducted, and information on psychosocial history,
adverse effects of treatment, and health care utilization should
be obtained.

Semistructured interview
The most popular means of evaluating the psychological state
of the patient is a semistructured interview. Pertinent infor-
mation acquired during an interview is frequently given sig-
nificant weight when a decision regarding treatment is made.
Before meeting with the patient, the interviewer should review
all referral information, including discharge summaries, psy-
chological testing results, previous physicians’ notes, and med-
ical history reports. Each of the following categories should
be assessed during the interview: (1) pain description; (2)
aggravating factors; (3) daily activity level; (4) relevant medi-
cal history; (5) past and current treatments; (6) education and

employment history; (7) compensation status; (8) history of
drug or alcohol abuse; (9) history of psychiatric disturbance;
(10) current emotional status and social support; and (11) per-
ceived directions for treatment.These areas have been identified
as important in assessing candidacy for medical interventions
for pain. Whenever possible, the spouse, the significant other,
or a close familymember of each patient should be interviewed.

Pain intensity measures
One of the primary goals of treatment for chronic pain is to
decrease the intensity of the pain. As a result, it is important
to monitor pain intensity both for a period before treatment
and throughout the course of treatment. There are a number
of ways to measure pain intensity, including numeric pain rat-
ings, the visual analogue scale (VAS), and verbal rating scales
(Table 146.1).

Numeric pain ratings often involve the patient’s rating of
his or her pain on a scale of 0 to 10 or 0 to 100. Descriptive
anchors that help the patient understand the meaning of each
numeric value improve the measure. Another popular means
of measuring pain intensity is the VAS, which uses a straight
line (often 10 cm long) with extreme limits of pain at either
end (e.g., “no pain” to “worst pain possible”). The pain patient
is instructed to place a mark at the point on the line that best
indicates present pain severity. Scores are obtained by measur-
ing the distance from the end labeled “no pain” to the mark
provided by the patient. The disadvantages of this method are
that it is time-consuming to score and that its validity for older
patients is questionable. Handheld computers enable VAS entry
by screen touch with a stylus, and electronic diaries can aid in
more complete and timely collection of patient diary data.

There are a number of verbal rating scales, which consist of
words (as few as four or as many as 15, often ranked in order
of severity from “no pain” to “excruciating pain”) that are cho-
sen by the patients to describe their pain. Verbal scales not
only measure pain intensity but also assess sensory and reactive
dimensions of the pain experience. Verbal scales can be used
to measure the descriptive nature of pain; the patient chooses
words from a list that best describe the pain experience (e.g.,
piercing, stabbing, shooting, burning, throbbing).

Of all of the self-report measures, numeric rating scales
are most popular among professionals. There is no evidence to
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Table 146.1. Pain rating scales∗

Example of numeric pain rating scale
0 1 2 3 4 5 6 7 8 9 10
No pain Worst pain possible
Example of VAS
No pain Worst pain possible
Examples of verbal rating scales of pain intensity.
1. No pain 1. None 1. No pain 1. Not noticeable 1. None
2. Mild 2. Mild 2. Mild 2. Just noticeable 2. Extremely weak
3. Moderate 3. Moderate 3. Discomforting 3. Very weak 3. Just noticeable
4. Severe 4. Severe 4. Distressing 4. Weak 4. Very weak

5. Very Severe 5. Horrible 5. Mild 5. Weak
6. Excruciating 6. Moderate 6. Mild

7. Strong 7. Moderate
8. Intense 8. Uncomfortable
9. Very strong 9. Strong
10. Severe 10. Intense
11. Very intense 11. Very strong
12. Excruciating 12. Very intense

13. Extremely intense
14. Intolerable
15. Excruciating

∗ Karoly P, Jensen MP. Multimethod Assessment of Chronic Pain. New York: Pergamon Press; 1987.

suggest that the VAS or verbal rating scales are any less sensitive
to treatment effects, however. All of these measures have been
shown to be acceptable in the quantification of clinical pain.The
McGill PainQuestionnaire (MPQ) is a frequently used compre-
hensive questionnaire that includes 20 subclasses of descriptors
as well as a numeric pain intensity scale and a dermatomal pain
drawing. A short form of the MPQ is also popular. The MPQ
measures various aspects of the pain experience and is sensitive
to treatment effects and differential diagnosis.

Mood and personality assessment
Pain patients often show signs of depression and anxiety. Psy-
chopathology and/or extreme emotionality have been seen as a
contraindication for certain therapies. There is ongoing debate
among mental health professionals about the best way to mea-
sure psychopathology and/or emotional distress in chronic
pain patients. Most measures are helpful in ruling out severe
psychiatric disturbance. Unfortunately, no measure can boast
validity in predicting treatment outcome. The measures most
commonly used to evaluate personality and emotional dis-
tress include the Minnesota Multiphasic Personality Inventory
(MMPI-2), the SymptomChecklist-90-Revised (SCL-90-R), the
Millon Behavioral Health Inventory (MBHI), the Illness Behav-
ior Questionnaire (IBQ), and the Beck Depression Inventory
(BDI).

Functional capacity and activity
interference measures
Some clinicians consider pain reduction meaningless if there
is no noticeable change in function. Thus, some reliable mea-
surement of functional capacity should be used before the onset
of therapy. A noticeable increase in level of activity helps to
justify continued therapy and supports treatment efficacy. A

number of self-report measures can be used to assess activity
level and function: the Sickness Impact Profile (SIP), the Short-
FormHealth Survey (SF-36), theMultidimensional Pain Inven-
tory (MPI), and the Pain Disability Index (PDI). Automated
measurement devices, such as the portable up-time calculator
and the pedometer, are useful in obtaining accurate measures
of activity. These devices should be used in conjunction with
self-monitoring assessment techniques.

Performance measures of function include the Modified
Symptom Limited Treadmill Test and the Fingertip to Floor
Distance Test. The first test has much in common with the 6-
minute treadmill walking test, where distance is measured by
how fast a patient is able to walk on a treadmill in 6 minutes. In
the latter test, patients are asked to bend forward as far as pos-
sible without bending the knees and the distance from the tip
of the middle finger to the floor is measured. These tests assess
aerobic capacity and range of motion in the lumbar spine but
are not always highly correlated with pain or disability.

Pain beliefs and coping measures
Pain perception, beliefs about pain, and coping mechanisms
are important in predicting the outcome of treatment. Unre-
alistic or negative thoughts about an ongoing pain prob-
lem may contribute to increased pain and emotional distress,
decreased functioning, and greater reliance onmedication. Cer-
tain chronic pain patients are prone tomaladaptive beliefs about
their condition that may not be compatible with the physical
nature of their pain. Patients with adequate psychological func-
tioning exhibit a greater tendency to ignore their pain, use cop-
ing self-statements, and remain active to divert their attention
from their pain.

Because efficacy expectations have been shown to influ-
ence the efforts that patients will make to manage their pain,
measures of self-efficacy or perceived control are useful in
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assessing a patient’s attitude. A number of self-report measures
assess coping and pain attitudes. The most popular tests used
to measure maladaptive beliefs include the Coping Strategies
Questionnaire (CSQ), the Pain Management Inventory (PMI),
the Pain Self-Efficacy Questionnaire (PSEQ), the Survey of
Pain Attitudes (SOPA), and the Inventory of NegativeThoughts
in Response to Pain (INTRP). Newer instruments currently
being tested include the Pain Beliefs and Perceptions Inven-
tory (PBPI), and the Chronic Pain Self-efficacy Scale (CPSS).
Patients who catastrophize, who are passive in coping with
pain, who demonstrate low self-efficacy regarding their ability
to manage their pain, who describe themselves as disabled by
their pain, and who report frequent negative thoughts about
their pain are at greatest risk for poor treatment outcome. It is
suspected that patients who have unrealistic beliefs and expec-
tations about their condition are also poor candidates for pain
treatment.

Monitoring of medication and adverse effects
Compliance is an important component in decisions about
whether to continue, discontinue, or modify treatment for
chronic pain. Clinicians ask patients to comply with their treat-
ment protocol but rarely come up with a way to monitor com-
pliance, particularly medication usage. A patient’s retrospective
report of use ofmedication, although of value, is subject to inac-
curacies. Recall can be enhanced if the patient continuously
monitors usage. In addition, both compliance and accuracy in
reporting are improved if a family member assists with the
monitoring.Medication records kept by patients should include
the name of the medication, the date and time when it is taken,
and the dosage.

Adverse effects should be monitored regularly during treat-
ment for chronic pain. The monitoring of side effects related to
medication use is often neglected in clinical practice, yet can be
as important as the monitoring of pain intensity. Periodic mon-
itoring of adverse effects bymeans of a checklist can provide rel-
atively objective criteria useful in the assessment of treatment.
Such a checklist may include drowsiness, dizziness, coordi-
nation impairment, irritability, depression, headache, memory
lapse, dry mouth, visual distortions, nausea or vomiting, sweat-
ing, constipation, heart palpitations, itching, breathing prob-
lems, nightmares, and difficulty urinating. Although patients
frequently report adverse reactions to medication during the
initial stage of treatment, many of these reactions diminish over
time.

Portable monitors using customized software have made
the collection and storage of serial data about health behaviors
both convenient and affordable. Electronic diaries allow two-
way communication between patients and providers and may
be an efficient means of evaluating and tracking medication use
and associated symptoms. With the advent of palm-top com-
puters (PTCs) and the ability to capture time-stamped data and
store them for uploading to a larger computer, more investi-
gators are exploring options of capturing data throughout the

day. Ecologic momentary assessment (EMA) refers to frequent
data captured from subjects in their natural environment. Stud-
ies have shown that natural data are less prone to fabrication
and may be a truer indicator of patient responses in the envi-
ronment. Patients are shown to demonstrate remarkably high
compliance with electronic diary monitoring.

Neuropsychological testing
Aspart of a comprehensive psychological assessment, a patient’s
neuropsychological status must first be determined. In cases of
physical trauma (such as head injury) or in cases of decreased
cognitive functioning, neuropsychological assessment may be
indicated. Such an assessment is important in the evaluation
of potential organic pathology that may limit the usefulness
of cognitive interventions. A number of neuropsychological
assessment tools exist for such evaluations.

Substance abuse assessment
Structured interview measures have been published for the
assessment of alcoholism and drug abuse. Whenever possible,
the patient’s family members and/or significant other should
also be interviewed. The Structured Clinical Interview for the
Diagnostic and Statistical Manual of Mental Disorders, 4th Edi-
tion (DSM-IV), SCID, is a semistructured diagnostic interview
that assigns current and lifetime diagnoses based on DSM-
IV criteria. For each positive identification of a symptom, the
SCID follows a question sequence to determine whether the
symptommeets severity criteria for diagnosis. Other substance
abusemeasures include theCAGEQuestionnaire, theMichigan
Alcoholism Screening Test (MAST), and the Self-Administered
Alcoholism Screening Test (SAAST).

Psychological approaches to pain
management
Goals of psychological interventions
Patients with chronic pain who consult their primary care
physicians, pain specialists, pain services, or pain management
programs are usually experiencing a significant degree of psy-
chological distress that requires intervention. Regardless of the
setting, a number of treatment goals are relevant to the care of
the chronic pain patient: reduction of pain intensity; increased
physical functioning; control of medication use; improvement
in sleep,mood, and interactionwith others; and eventual return
to work or to normal daily activities.

Reduction of pain intensity
A persistent pain problem is the reason most patients enter
a pain management program. In such a program, however,
patients are taught not to set pain reduction as their primary
treatment goal. Instead, they are encouraged to focus on other,
more attainable goals. Although the elimination of pain is rarely
reported, patients often describe a reduction in the intensity of
their pain by the conclusion of a structured pain program.
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Increased physical functioning
Most interventions support regular exercise, including stretch-
ing, cardiovascular reconditioning, and weight training.
Patients are encouraged to exercise regularly and to increase
their activity at a progressive rate while under supervision.
The goal is to gradually increase function without exceeding
predetermined limits of pain and discomfort.

Control of medication use
Through education and dailymonitoring,most patients are able
to use prescription pain medication responsibly. Patients are
frequently requested to monitor and record their daily medica-
tion use as away to become aware of patterns and any associated
side effects.

Improvement in sleep, mood, and interaction with others
Most patients report depression, problems relating to other
people, and difficulties with memory and attention. Techniques
aimed at decreasing emotional distress and increasing self-
esteem should be considered in these instances.

Return to work or to normal daily activities
Patients who set as their goal an eventual return to work
often are successful. Follow-up helpfulness ratings indicate that
patients who have a positive experience in a pain management
program tend to return to work and/or maintain an active, pro-
ductive lifestyle.

Psychological interventions and program
components
Education
Most people with chronic pain have an inadequate under-
standing of the nature of their painful condition. It is impor-
tant for them to be knowledgeable about their pain and the
treatments designed for them. Information can be conveyed
through patient manuals on chronic pain, video presenta-
tions, handouts, or individual sessions. An optimal way to
educate patients is through didactic groups; however, individ-
ual psychoeducational training may be useful as well. Topics
for these educational sessions may include the physiology of
pain, medication for chronic pain, exercise and pain, stress
management, sleep disturbance, assertiveness training, posture
and body mechanics, problem solving, weight management
and nutrition, vocational rehabilitation, sexual issues, posi-
tive thinking, and relapse prevention. In general, patients who
understand their condition and who have been exposed to rele-
vant management techniques maintain a perception of control
over their pain and showhigher rates of success inmeeting their
goals. Active learning techniques, including the completion of
homework such as periodic surveys, checklists, diaries, or ques-
tionnaires and brainstorming, should be emphasized.

The ultimate goal of any intervention is to increase the
patient’s perceived control over pain. Several themes critical to a

pain management approach should be highlighted throughout
a structured program:
1. You will most likely not be “cured.”
2. You need to expect ups and downs.
3. Rarely does pain intensity remain exactly the same over

time.
4. You need to have a fall-back plan for those times when you

have a flare-up of pain.
5. What you do about your pain may be as beneficial as

anything that is done to you.
6. You need to work toward gaining control over your

condition with the help of medical treatments and
psychological pain management strategies.

Repetitionwill ensure that patients leavewith an understanding
of these important principles.

Relaxation training
Chronic pain patients tend to experience substantial residual
muscle tension as a function of the bracing, posturing, and emo-
tional arousal often associated with pain. Such responses, main-
tained over a long period, can exacerbate pain in injured areas
of the body and can increasemuscular discomfort. For example,
it is common for patients with low back pain or limb injuries
to develop neck stiffness and tension-type headaches. Relax-
ation training has been recommended as a way to reduce pain
through the relaxation of tense muscle groups, the reduction of
symptoms of anxiety, the use of distraction, and the enhance-
ment of self-efficacy. In addition, this training can increase the
patient’s sense of control over physiologic responses. In a pain
management intervention, patients are taught and encouraged
to practice a variety of relaxation strategies, including diaphrag-
matic breathing, progressivemuscle relaxation, autogenic relax-
ation, self-hypnosis, and cue-controlled relaxation. Biofeedback
training may also be employed. Live demonstrations of these
techniques are preferable to verbal explanations. All patients
should be encouraged to practice each technique at home.Com-
pact discs can be made or purchased for practice purposes.

Cognitive/behavioral therapy
Pain patients frequently show signs of emotional distress, with
evidence of depression, anxiety, and irritability. Therapy with
a cognitive/behavioral orientation is designed to help patients
gain control of the emotional reactions associated with chronic
pain. Specific problem-solving strategies can be offered during
therapy sessions, including (1) identifying maladaptive and neg-
ative thoughts, (2) disputing irrational thinking, (3) constructing
and repeating positive self-statements, (4) learning distraction
techniques, (5) working to prevent future catastrophizing, and
(6) examining ways to increase social support. Personal rela-
tionship issues can also be explored.The patient’s strengths and
positive coping mechanisms should be emphasized.

Cognitive/behavioral therapy has a number of objectives.
The first is to help patients change their view of their problem
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from overwhelming to manageable. Patients who are prone to
catastrophize benefit from examining the way they view their
situation.Whatmight otherwise be perceived as a hopeless con-
dition can be reframed as a difficult yet manageable condition
over which the patient can exercise some control.

The second objective is to help convince patients that treat-
ment is relevant to their problem and that they need to be
actively involved in their own treatment and rehabilitation.
Patients need to understand how relaxation training, cognitive
restructuring, adaptive coping skills, and pacing behaviors can
help decrease their pain. They also need to reorient their view
away from that of passive victim and toward that of proactive,
competent problem solver. When individuals are successful in
managing difficult painful episodes, their views change. They
eventually begin to believe themselves capable of overcoming
any acute flare-up of pain.

The third objective is to teach patients to monitor maladap-
tive thoughts and substitute positive thoughts. Persons with
chronic pain are plagued, either consciously or unconsciously,
by negative thoughts related to their condition. These negative
thoughts have away of perpetuating pain behaviors and feelings
of hopelessness. Demonstrating how and when to attack these
negative thoughts and when to substitute positive thoughts and
adaptive management techniques for chronic pain is an impor-
tant component of cognitive restructuring. Patients are encour-
aged to attribute success to their own efforts; they need to know
that they are responsible for the gains they make. Finally, future
problems and lapses need to be discussed so that the patient will
have a “game plan” to manage short-term setbacks.

Group therapy
Group therapy presents an opportunity to discuss concerns or
problems that patients have in common. The specific problem-
solving strategies used may be the same as in individual
supportivetherapyandcognitivebehavioral therapy.Unlikepsy-
chotherapists in traditional group sessions, group therapists in
a pain management program are encouraged to be active facil-
itators. They may need to redirect the discussion so that every
member has an opportunity to speak and no one individual
monopolizes the session. Participants should be offered indi-
vidual therapy sessions in which to deal with personal issues.

Certain groupmembers may initially be reluctant to discuss
personal problems related to their pain. The group therapist
must prevent other group members from being overly judg-
mental and negative. Group members should be told that they
are there to learn from one another and to support one another
in gaining control over their pain.

Family therapy
Chronic pain significantly impacts all members of a family.
Family members need to be educated about the goals of therapy
and should have an opportunity to share their concerns. More-
over, active involvement of family members helps to ensure the
patient’s long-term success. Therefore, both patients and mem-

bers of their families should be invited to attend family ther-
apy sessions duringwhich the facilitator encourages them to ask
questions about the painmanagement program, to discuss their
concerns and expectations, and to express their feelings. Besides
enhanced communication, important outcomes of these ses-
sions are that family members learn how to help the person in
pain to achieve andmaintain goals and that they come to under-
stand that they are not alone in dealing with the person in pain.

Physical activity and exercise
Most patients are deconditioned because of their reluctance
to exercise and because of a perceived need to protect them-
selves. Some patients have been medically advised to restrict
activity when pain increases. Patients with chronic pain need
to know that exercise is important. Some stretching, cardiovas-
cular activity, and weight training should be encouraged. Each
patient should be asked to keep track of his or her activity in
an exercise record. It is important to set an exercise quota so
that the patient will work to meet a weekly goal. The exercise
plan should initially be determined by the patient and reviewed
and supervised by a physical therapist or exercise physiologist.
Patients should be instructed to stretch before and after each
exercise session.

Any attempt by chronic pain patients to exercise is bound to
entail some disappointment and perceived failure. Patients may
make excellent gains, only to experience a flare-up of their con-
dition. These setbacks should be anticipated so that the patient
does not become excessively disappointed. Behavioral research
suggests that compliance with exercise is best in a structured
setting where each person is monitored and given encourage-
ment for his or her accomplishments. Unfortunately, many per-
sons with chronic pain tend to discontinue a regular exercise
regimen within 6 months after a treatment program is con-
cluded. Ways to encourage perseverance, such as organizing an
exercise period with others, joining a health club, or combining
exercise with another everyday activity, should be explored.

Vocational counseling
The goal of vocational rehabilitation is a return to work. After
an extended period out of work, patients become both phys-
ically and psychologically deconditioned to the demands and
stresses of the workplace. Together, a vocational rehabilitation
counselor and the patient can develop a plan that incorporates
both long-range employment goals and short-term objectives
based on medical, psychological, social, and vocational infor-
mation. Vocational rehabilitation counselors are specialists in
the assessment of aptitudes and interests, transferable skills,
physical capacity, modifications in the workplace, skills train-
ing, and job readiness.

Many chronic pain patients receive workers’ compensation
benefits or social security disability income. Patients may fear
that their benefits will be jeopardized if they return to work.
A vocational rehabilitation counselor can help a patient nego-
tiate with an employer a return-to-work trial that will not
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jeopardize the patient’s income. Through counseling strategies
and assessment tools, a patient’s suitability for returning towork
or retraining can be determined. Patients should be familiar
with the Americans with Disabilities Act to know their rights
regarding discrimination due to a pain-related disability.

Relapse prevention
Most chronic pain patients need continued support if they are
to maintain their gains. Patients should be encouraged to iden-
tify and anticipate situations that place them at risk for return-
ing to previous maladaptive behavioral patterns. They should
also be encouraged to rehearse problem-solving techniques and
behavioral responses that will enable them to avoid a relapse.
The goals of relapse prevention are to help the patient (1) main-
tain a steady level of activity, emotional stability, and appropri-
ate medication use; (2) anticipate and deal with situations that
cause setbacks; and (3) acquire skills that will decrease reliance
on the health care system.

Follow-up has been shown to be a vital factor in the preven-
tion of relapse.A specificwritten follow-upplan should bemade
for each patient before the end of treatment. The participant
should be offered structured follow-up services, such as partici-
pation in a monthly support group session and/or in individual
sessions.

Multidisciplinary team
Chronic pain involves a complex interaction of physiologic and
psychosocial factors, and successful intervention requires the
coordinated effort of a treatment team with expertise in a vari-
ety of therapeutic disciplines. Although some clinics offer a sin-
gle treatment approach, most pain programs use a blend of
medical, psychological, vocational, and educational techniques.
Treatment modalities for chronic pain generally include medi-
cal assessment, medication management, pain-reduction treat-
ments, didactic instruction, relaxation training, biofeedback,
physical therapy, psychotherapy, and vocational counseling.

An interdisciplinary staff coordinates efforts to rehabilitate
the pain patient and provides a comprehensive discharge and
follow-up plan designed to meet the patient’s short- and long-
term needs. The patient’s active participation in the treatment
plan is strongly encouraged. Among the predictors of success in
amultidisciplinary pain program are the patient’s motivation to
cope with pain and his or her external support systems.

Benefits of a painmanagement program
Pain programs are cost-effective. Patients who complete a mul-
tidisciplinary pain program return to work or undergo voca-

tional rehabilitation more often than do patients who do not
enter a pain program. Multidisciplinary pain programs also
produce marked subjective and functional improvements in
chronic pain patients: Pain ratings decrease from admission to
discharge, reliance onmedication decreases, and physical func-
tioning increases. These positive treatment outcomes are often
maintained 2 to 3 years after discharge.

Future studies
There has been a rapid change in the way health care services
are offered in the United States. More andmore decisions about
treatment are made by employees of insurance carriers on the
basis of financial resources rather than need. An increasing
need for accountability and efficacy has encouraged the imple-
mentation of cost-saving measures and program evaluation.
Preference is given to programs that are tailored to the indi-
vidual rather than to programs in which all group participants
receive every treatment.

In light of the attention given to these changes, the eco-
nomic efficiency of treatment for chronic, nonmalignant pain
is worthy of discussion. Although evidence exists for the cost-
effectiveness of therapy for chronic pain, such treatment may
not meet the criterion of increased benefit with little cost. Prior
classification of patients may help in identifying those indi-
viduals who will most benefit from pain therapy. No reported
studies have satisfactorily addressed this issue, and outcome
data are needed. Documentation of increased function and
decreased health care utilization among certain patients as a
result of pain therapy would support the continuation of pain
management programs. The field of remote data entry through
personalized technology holds much promise for clinicians in
the future. Currently available technologic methods of tracking
can address the need for improved evaluation and treatment of
persons with chronic pain.
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Chapter

147 Interventional painmanagement I: epidural,
ganglion, and nerve blocks
John C. Keel and Alina V. Bodas

General patient care considerations
Patients who undergo interventional procedures for pain, such
as single-shot epidural steroid injections (ESIs), or ganglion
or nerve blocks, should be instructed in advance to prepare
for the procedure. They should not have the procedure in the
event of recent febrile illness or if there is risk of bacteremia
because of the risk of bacterial seeding of the epidural space and
other structures.They should take only clear liquids for 4 hours
prior to the procedure, to avoid aspiration in the event of loss
of airway protection. For neuraxial procedures, any anticoag-
ulant use must be stopped according to established guidelines,
under the supervision of the prescribing physician, to reduce
risk of bleeding and epidural hematoma. Standard guidelines
regarding anticoagulants include the consensus statement of the
American Society of Regional Anesthesia and Pain Medicine.
An escort must be available on the day of injection. Written,
informed consent must be carefully documented. During neu-
raxial procedures, the patient will generally be monitored with
a blood pressure cuff and pulse oximeter. Certain patients will
require a peripheral intravenous (IV) line. Sedation is gener-
ally not recommended for elective pain procedures, as it is
important for the patient to be able to provide feedback and
cooperation.

Pharmacology
Injectates typically include local anesthetic and adrenocorti-
cal steroids (glucocorticoids). Local anesthetics are reversible
sodium channel binders, and they produce varying degrees of
neural blockade. Most often used are the amino amides lido-
caine 1% to 2% and bupivacaine 0.25 % to 0.5%. Higher con-
centrations of lidocaine can be associated with neurotoxicity.
Lidocaine for anesthetizing skin can bemixed in a 9:1 ratio with
0.9% bicarbonate to enhance onset speed and reduce discom-
fort. Bupivacaine should not bemixedwith bicarbonate because
of resulting precipitate formation. Epinephrine is generally not
included in chronic pain procedures, as it could exacerbate sym-
pathetically mediated pain (SMP).

Glucocorticoids reduce inflammation by stabilizing leuko-
cytes, inhibitingmacrophages, decreasing edema, and reducing
scar formation. Steroids also decrease the activity of irritated
nerves. In interventional pain medicine, long-acting depot

steroid is used, such as triamcinolone or methylprednisolone.
Interestingly, such agents are US Food and Drug Administra-
tion (FDA) approved for intramuscular use, so they are usually
used “off-label” for chronic pain procedures.The typical dose is
40 mg (1 ml) for transforaminal epidural injections, and 80 mg
(2 ml) for interlaminar and caudal injections. At these doses,
four to six ESIs per year can be administered, if appropriate. ESIs
performed in series, however, are not routinely indicated (e.g.,
“series of three”). As little as 40 to 80mgof intramuscular triam-
cinolone acetonide can suppress the hypothalamic–pituitary–
adrenal axis for 2 to 4 weeks. All glucocorticoids have systemic
effects, such as fluid retention and increased insulin require-
ment in diabetes, but the degree of systemic effect in neuraxial
pain procedures is not well understood. Although rare, even
single doses of injected steroid have been reported to cause
Cushing’s syndrome its devastating sequelae such as avascular
necrosis, e.g., in patients who take ritonavir for HIV.

Neurolytics aremost often used in patients with cancer pain.
Alcohol 50% to 95%andphenol 6% to 10%produce long-lasting
neurolysis by protein denaturation, coagulation, and precipi-
tation. Phenol acts as an anesthetic at lower concentrations,
is more viscous, and is less painful on injection than is alco-
hol. Alcohol is hypobaric in cerebrospinal fluid (floats on top),
whereas phenol is hyperbaric (sinks) in cerebrospinal fluid.
Neurolysis of peripheral nerves with a cutaneous sensory distri-
bution should be avoided, as this can result in neuropathic pain.

Fluoroscopy
In blind techniques, using only surface landmarks, 30% of lum-
bar and 50% of cervical ESIs may miss the intended target.
Controversy exists regarding outcomes of ESI, in part because
earlier studies did not include fluoroscopic guidance. Fluo-
roscopy greatly enhances accuracy of needle placement, and is
now the standard of care in the performance of ESI. Contrast
agents are often used with fluoroscopic imaging. Contrast can
be injected under live fluoroscopy to visualize potential unin-
tended intra-arterial injection. The method of aspirating and
looking for blood return should not be used alone, as it has up to
a 50% false-negative rate. Contrast can detect intrathecal or sub-
dural placement. Contrast can demonstrate location and extent
of intended injectate distribution. Non-ionic monomeric con-
trast agents are used for interventional pain procedures, as these
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are stable in solution and are less toxic. Gadolinium can be used
in patients at risk of allergic reaction.

Epidural steroid injections
Interventional pain practitioners use fluoroscopically guided
ESIs to place steroid in this space near the nerve roots to sup-
press local inflammation that is thought to be the cause of radic-
ular pain. Radicular pain is neuropathic pain in the distribution
of spinal nerve roots, whereas radiculopathy involves conduc-
tion block in the spinal nerve, with resulting neurologic deficit,
with or without pain. Radiculitis is inflammation of the nerve
root. Radicular pain can arise frommechanical or chemical irri-
tation due to a herniated nucleus pulposus or spondylosis with
stenosis of nerve pathways. Varieties of ESI include interlami-
nar, transforaminal, selective spinal nerve block, and caudal.

Evidence-based indications for ESI include treatment of
pain radiating in the distribution of spinal nerves. Spinal steno-
sis and neurogenic claudication may also be treated with ESI.
Axial back pain is usually not an indication for ESI, except in
discogenic back pain, which may be mediated by the sinuverte-
bral nerves. Interlaminar and transforaminal ESI are indicated
to treat cervical and lumbar radicular pain. Selective nerve root
blocks (SNRBs) are used as diagnostic procedures to determine
if a specific nerve root is the source of pain, in the setting of
inconclusive or inadequate imaging, often in anticipation of
surgery. Caudal ESIs can treat lumbosacral radicular pain and
back pain attributed to failed back surgery syndrome.The vari-
ous complications of ESIs are described in subsequent chapters.

Interlaminar epidural steroid injections
Interlaminar ESIs are performed in the cervical and lumbar
spine using the loss of resistance (LOR) technique.Thepatient is
placed prone on the fluoroscopy table. In anteroposterior (AP)
view, the 22-gauge Touhy needle tip is directed just lateral to
the spinous process, toward the interlaminar space. As the tip
nears the ligamentum flavum, lateral views are used to check
depth, as the LOR indicates the exact place of the epidural space

Figure 147.1. Interlaminar epidural steroid injection. (Adapted from Wald-
man SD. Atlas oflInterventional Pain Management. 2nd ed. Philadelphia:
Elsevier; 2004.)

(A)

(B)

Figure 147.2. Fluoroscopy views. (A) AP view of coaxial needle place-
ment in lumbar epidural steroid injection. (B) Epidural spread of con-
trast. (From Waldman SD. Atlas of Interventional Pain Management.
2nd ed. Philadelphia: Elsevier; 2004.)

(Fig. 147.1). Non-ionic contrast is used to confirm epidural flow
before injecting steroid (Fig. 147.2). Typical injectate is 80 mg
(2 ml) of triamcinolone. Injectate in the lumbar region may
include a small amount of local anesthetic, but local anesthetic
is usually not used in the cervical spine (Fig. 147.3). This inter-
laminar ESI technique cannot be performed if there has been a
laminectomy at that level, as there are no reliable landmarks for
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(A) (B)

Figure 147.3. Cervical interlaminar epidural steroid injection. (A) AP fluoroscopy view of needle placement. (B) Lateral fluoroscopy view with contrast lining the
epidural space. Courtesy of Pradeep Dinakar, M.D.

the interlaminar epidural space. In such cases, transforaminal
or caudal approaches should be used.

Transforaminal epidural steroid injections
Transforaminal ESIs aremost commonly performed in the lum-
bar spine. For lumbar transforaminal ESIs, the patient is placed
prone on the fluoroscopy table. Oblique views are used to iden-
tify the pedicle over the target nerve root and the superior artic-
ular process of the vertebra below the nerve. The tip of a 25- to
22-gauge spinal needle is directed at the “six o’clock” position
of the pedicle, within the “safe triangle,” outlined by the infe-
rior border of the pedicle, the spinal nerve itself, and the lat-
eral border of the vertebral body (Fig. 147.4). AP views are used
to check the medial extent of the needle, then lateral views are
used to guide the needle transforaminally (Fig. 147.5). Non-
ionic contrast under live fluoroscopy is used to confirm epidu-
ral flow and to rule out intravascular uptake before injecting
steroid. Typical injectate is 40 mg (1 ml) of triamcinolone, with
or without a small amount of local anesthetic. The transforam-
inal approach has a much greater chance of delivering injectate
to the anterior epidural space, the site of presumed pathology
in disc herniations. Cervical, thoracic, and sacral transforami-
nal ESIs are sometimes performed. Cervical and thoracic trans-
foraminal injections have high complication rates and are not as
commonly used. Sacral transforaminal ESIs, most often accom-
plished at S1, are similar to lumbar ESIs. During the sacral
transforaminal ESI, the spinal needle is advanced through the
posterior sacral foramen until it is in proximity to the exiting
S1 nerve root. Contrast is used to confirm the position and

the steroid is injected around the nerve root with an epidural
spread.

Selective spinal nerve blocks
A selective spinal nerve block – an SNRB – is similar to a trans-
foraminal ESI. An SNRB is used as a diagnostic procedure to

Figure 147.4. Lumbar transforaminal epidural
steroid injection. (Adapted from Waldman SD. Atlas of
Interventional Pain Management. 2nd ed.
Philadelphia: Elsevier; 2004.)
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A

B

Figure 147.5. Fluoroscopy views (A and B) of needle placement in a
lumbar transforaminal epidural steroid injection. (From Waldman SD. Atlas of
Interventional Pain Management. 2nd ed. Philadelphia: Elsevier; 2004.)

determine if a specific root level is the source of pain. The
needle tip is placed just outside of the neural foramen, lateral
to the position for transforaminal ESIs. There should not be
epidural spread of injectate. This procedure is often performed
to locate a target for surgery (Fig. 147.6).

Figure 147.6. SNRB. (From Waldman SD. Atlas of Interventional Pain
Management. 2nd ed. Philadelphia: Elsevier; 2004.)

Caudal epidural steroid injections
Caudal ESIs are performed by introducing a needle through
the sacral hiatus, past the sacrococcygeal ligament. The patient
is placed prone on the fluoroscopy table. Using lateral views,
the needle is advanced, not past the lower aspect of S3 (avoid-
ing dural puncture). Non-ionic contrast under live fluoroscopy
is used to confirm epidural flow and to rule out intravascular
uptake before injecting steroid (Fig. 147.7).

Ganglion blocks
Sympathetic blocks have utility in the diagnosis and treat-
ment of pain that is mediated by the sympathetic nervous
system. Positive response to sympathetic block may be diag-
nostic of SMP. The therapeutic effect of blocks may be due to
interruption of central sensitization. The effect of sympathetic
blocks may even predict outcomes with implanted spinal cord
stimulators.

Sympathetic nervous system anatomy
The cell bodies of the preganglionic nerve fibers of the sym-
pathetic nervous system arise in the intermediolateral cell
column fromT1 through L2. After exiting the spinal cord, these
fibers either synapse or pass through the sympathetic chain.The
sympathetic chain is composed of ganglia containing the cell
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Figure 147.7. Caudal epidural steroid injection.

bodies of sympathetic postganglionic fibers, and is located on
both sides of the vertebral column. Anatomic variation exists in
the preganglionic pathways. For example, preganglionic sympa-
thetic axons may travel up to 12 segments intraspinally before
exiting the spinal cord. Axons of the thoracic ganglia remain
ipsilateral, but axons in the lumbar ganglia take both ipsilat-
eral and contralateral pathways. The cervical sympathetic gan-
glia include the superior, middle, and inferior cervical ganglia.
The inferior cervical ganglion is often fused with the first tho-
racic ganglion (82% of cases) to form the stellate ganglion. Sym-
pathetic afferent and efferent innervation of the head, neck,
and upper limbs travels through this stellate ganglion. Eleven
sympathetic ganglia lie in the thoracic region juxtaposed to
the necks of the ribs. In both of these regions, the sympathetic
chain lies in close proximity to the somatic nerves. Sympathetic
innervation of the abdominal viscera is supplied by the celiac
plexus. The preganglionic sympathetic nerves pass through the
paravertebral sympathetic chain without synapsing. They then
synapse at the celiac plexus, anterolateral to the abdominal aorta
at T12–L1. Postganglionic fibers follow branches of the aorta to
respective visceral structures.

Efficacy of sympathetic blocks
Anumber ofmethods have been devised to determine the effec-
tiveness of a sympathetic block. One example is surface temper-
ature monitoring. For upper limb blocks, temperature change
can bemonitored on the shoulder, forearm, anddorsumof hand
or digit (preferably the thumb). For lower limb blocks, temper-
ature can be monitored along the anterior thigh, dorsum of the
foot, or the great toe. After a sympathetic block, the skin tem-
perature should increase by at least 1◦C to 2◦C. Other methods
involve psychogalvanic response, or sweat testing, wherein var-
ious chemicals that detect the presence of sweat are used to test
a limb postblock. If a sympathetic block is successful, no sweat
should be detected.

Stellate ganglion block
The stellates ganglion lies in front of the neck of the first rib with
the vertebral artery passing over it.The sympathetic innervation
to the head and neck arise from T1 and T2 and passes through
the stellate ganglion on its way to more cephalad ganglia. The
sympathetic innervation to the upper extremity arises from T2
through T8. Some of these fibers may synapse at the second
thoracic ganglion and therefore may not be fully affected by a
stellate ganglion block. Stellate ganglion blocks are indicated for
pain, vascular spasm, and other various conditions of the head,
neck, and upper extremities (Table 147.1).

To perform a stellate ganglion block, first position the
patient supine with a roll under the shoulder for extension of
the head and neck. This position draws the cervical spine more
superficially, making it easier to reach while drawing the esoph-
agus behind the trachea. Next, palpate the space between the
carotid pulsation and the lateral trachea as low as possible in
the neck. Another method is to retract the sternocleidomastoid
muscle laterally and palpate the transverse process of the sixth
cervical vertebra, called Chassaignac’s tubercle. Generally, the
sixth cervical vertebra is located at the level of the cricoid car-
tilage. Then make a skin wheal with local anesthetic over the
medial border of the carotid pulsation. Direct a 22- to 25-gauge,
1.5-inch needle caudally and medially toward the junction of
the lateral portion of C7 through T1 (Fig. 147.8). When bone is
encountered, withdraw the needle 1 mm and inject 1 ml of con-
trast medium. Confirm contrast spread with fluoroscopy. Inject

Table 147.1. Stellate block indications

Pain Vascular Other

Complex regional pain
syndrome type I or II

Postherpetic neuralgia
Phantom limb pain
Paget’s disease
Neoplasm of upper extremity
Postradiation neuritis
Intractable angina pectoris

Vasospasm
Occlusive and embolic

vascular disease
Scleroderma

Hyperhidrosis
Ménière disease
Vascular headaches
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Figure 147.8. Axial diagram of stellate ganglion block. The great vessels of the neck are gently retracted laterally, and the needle is placed on the anterior
tubercle of the transverse process of C6 (Chassaignac’s tubercle). Note the position of the vertebral artery within the foramen transversarium, the spinal nerve root
and dural cuff, and the carotid artery and jugular vein.

5 to 10 ml of local anesthetic. Use of fluoroscopy in the perfor-
mance of stellate ganglion blocks is the standard of care. Prior
to the use of fluoroscopy, larger volumes of local anesthetic were
injected because the exact location of injection could not be
assessed. Larger volume insuredwider spread but increased risk
of adverse events. Signs of a successful block include ipsilateral
Horner syndrome along with nasal congestion, venodilation of
the limb, and increase in temperature of the limb by at least 1◦C
to 2◦C (Table 147.2).

Celiac plexus blocks
Sympathetic innervation to the abdominal viscera is composed
of preganglionic axons from the T5 through T12 level that
leave the spinal cord, pass through the sympathetic chain, and
synapse at distal sites. A network of ganglia, including the
celiac ganglia, superiormesenteric ganglia, and the aorticorenal
ganglia compose the celiac plexus. This plexus is located at the
T12 through L1 level, anterior to the aorta, epigastrium, and
crus of the diaphragm.

Celiac plexus block is indicated for treatment and diagnosis
of pain from visceral structures innervated by the celiac plexus.
These structures include the pancreas, liver, gallbladder, omen-
tum, and mesentery and alimentary tract from the stomach

Table 147.2. Signs of successful stellate ganglion block

Horner syndrome (ipsilateral)
Nasal congestion
Venodilation of the ipsilateral limb
Increase in temperature of the limb by at least 1°C–2◦C

to the transverse colon. Use of celiac plexus block for chronic
relapsing pancreatitis is controversial, but there may be some
role, including the use of celiac plexus steroid injection. Neu-
rolytic celiac plexus block is indicated as a palliative measure in
upper abdominal malignancies, such as pancreatic carcinoma,
where there is intractable pain. Celiac plexus neurolysis may
lead to some diarrhea due to unopposed parasympathetic activ-
ity. It may, however, also decrease nausea and vomiting in these
patients.

Current practice involves the use of fluoroscopy or CT for
guidance of celiac plexus block. The block can also be per-
formed using ultrasound, gastroscopy, or direct visualization
intraoperatively. All approaches have the goal of depositing
injectate anterior to the aorta, at the location of the plexus.
For example, a fluoroscopically guided diagnostic block can
be accomplished with a transcrural approach (crosses the
diaphragmatic crura) or a retrocrural approaches (Fig. 147.9).
In the transcrural approach, the patient is positioned pronewith
a pillow under the epigastrium. For the left side, an 18-gauge
introducer needle is inserted 2 to 3 cm lateral to the L1 spinous
process and aimed at the upper lateral margin of the L1 body.
A 22- to 25-gauge needle with a curved tip is inserted through
introducer and advanced medially to the celiac plexus. In the
lateral view, the needle is then passed 2 to 3 cm beyond the edge
of the L1 vertebral body. Continuous aspiration is maintained.
Blood aspirate indicates penetration of the aorta, in which case
a transaortic approach should be used. In this approach, nee-
dle advancement is simply continued through the anterior wall
of the aorta. Contrast should indicate a pulsatile pattern ante-
rior to the aorta. If bilateral spread is not seen, for the right
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Figure 147.9. Anatomy of the celiac plexus and
splanchnic nerves. Shading indicates the pattern of
solution spread for each technique. (Reproduced
with permission from Rathmell JP. Atlas of Image-
Guided Intervention in Regional Anesthesia and Pain
Medicine. 1st ed. Philadelphia: Lippincott Williams &
Wilkins; 2006. Figure 11-1, p. 124.)

side, a 20-gauge, 15-cmneedle tip is directed to the upper lateral
border of L1, then directed 2.5 cm anterolaterally and caudad.
Contrast is injected again to assess spread. If spread is adequate,
the 10 to 15ml of local anesthetic is injected intermittently (e.g.,
0.5% lidocaine or 0.25% bupivacaine). If a neurolytic block is
being considered, a diagnostic celiac plexus block must be per-
formed well in advance, using local anesthetic, to determine if a
neurolytic block would be effective.The splanchnic nerve block
is essentially the retrocrural approach to a celiac plexus block.
The needles are directed toward mid-T12 (versus cephalad L1).
This technique avoids the aorta, and has similar effects as the
celiac plexus block.

Lumbar sympathetic blocks
The lumbar sympathetic chain is located along the anterolat-
eral border of the lumbar vertebral bodies. There are a variable
number of ganglia, with blockade of the second and third gan-
glia resulting in close to complete sympathectomy of the lower
limb.

Lumbar sympathetic block is indicated for several SMP
and neuropathic pain conditions (Table 147.3). The patient is
positioned prone with a pillow beneath the epigastrium. Flu-
oroscopy is used to identify L2 transverse process and verte-
bral body. A 20-gauge, 5-inch needle is placed roughly 4 to 8
cm lateral to the L2 spinous process and advanced until it is 1
to 2 mm posterior to the vertebral body. Contrast medium is

injected to confirm spread prior to injection of local anesthetic.
A large volume (15–20 ml) is injected incrementally. Success-
ful block is indicated by venodilation and temperature increase
in the involved lower limb. This procedure can be performed
bilaterally (Fig. 147.10).

Hypogastric plexus block
The superior hypogastric plexus, just below the aortic bifur-
cation, anterior to the L5 vertebral body, innervates organs in
the pelvis and pelvic floor. The hypogastric plexus carries sym-
pathetic and parasympathetic fibers. Hypogastric plexus block
is performed for diagnosis of pain from pelvic viscera and for
treatment of pain from pelvic malignancies. With the patient
prone, a 22-gauge long needle is directed to the inferior antero-
lateral aspect of L5. Contrast should spread just anterior to

Table 147.3. Lumbar sympathetic block indications

Complex regional pain syndrome type I and II of the lower limb
Pain due to peripheral vascular insufficiency for diffuse distal disease not

amenable to surgical intervention
Herpes zoster/postherpetic neuralgia
Phantom limb pain
Cancer pain from lower extremity or gastrointestinal tract distal to the

transverse colon
Outcome predictor for spinal cord stimulator
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Figure 147.10. Axial diagram of lumbar sympathetic block. A single needle
passes over the transverse process, and the tip is in position adjacent to the
lumbar sympathetic ganglia over the anteromedial surface of the L3 vertebral
body. (Reproduced with permission from Rathmell JP. Atlas of Image-Guided
Intervention in Regional Anesthesia and Pain Medicine. 1st ed. Philadelphia:
Lippincott Williams & Wilkins; 2006. Figure 12-2, p. 137.)

L5 through S1 (Fig. 147.11). Bilateral, unilateral, diagnostic,
or neurolytic blocks can be performed. For a diagnostic block,
5 to 10 ml of local anesthetic is injected incrementally, per
side.

Ganglion impar block
The ganglion impar represents the termination of the sympa-
thetic chain. It rests anterior to the sacrococcygeal junction.
Various techniques are described to block this ganglion, includ-
ing a bent needle technique during which the needle enters at
the level of the anococcygeal ligament. Given the close prox-
imity of the rectal canal to this entry site, however, the easiest
and safest approach is to traverse the sacrococcygeal ligament
itself. Injection of contrast agent under fluoroscopy confirms
proper needle placement.The technique can be performedwith
local anesthetic and steroid for nonmalignant pain conditions,
such as coccygodynia, or perirectal pain from tumor involve-
ment. Neurolytic blockade should probably be performed only
for malignant pain conditions, and only after a diagnostic block
is performed. The advantage of the ganglion impar block over
other neurolytic procedures for rectal pain is that bowel and
bladder function is generally unaffected. A local anesthetic

Figure 147.11. Sagittal view of the superior hypogastric block.

block should be done prior to a more permanent neurolytic
blockade.

Peripheral nerve blocks
Single injections to block peripheral nerves can be used for
diagnosis and treatment in chronic pain conditions. Local anes-
thetic canprovide several hours of relief and can aid in diagnosis
or the ability to participate in physical therapy. Steroids can pro-
vide lasting relief in entrapment syndromes where pathology
includes inflammation. Some of the common peripheral nerve
blocks for chronic pain are described in this section.

Trigeminal nerve block
Trigeminal nerve blocks help reduce pain in trigeminal neural-
gia. The trigeminal nerve and Gasserian ganglion are accessed
via a similar approach for diagnostic and neurolytic blocks, as
well as via radiofrequency ablation. With the patient supine, a
long 20-gauge needle is inserted 2.5 cm lateral to the corner of
the mouth. The needle is directed to the pupil of the eye, into
the foramen ovale. Fluoroscopy and contrast are used to con-
firm position (Fig. 147.12).

Greater and lesser occipital nerve blocks
These blocks are usually performed using surface landmarks.
The posterior occipital protuberance and the mastoid pro-
cess are identified, and the injection sites aresites are at the
one-third and two-thirds points on the line between these
landmarks. The greater occipital nerve (mostly C2) is medial,
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Figure 147.12. Trigeminal nerve block. Sagittal view of the Gasserian
ganglion block.

and the lesser occipital nerve (C2 or C3) is lateral. Care is
taken to avoid the occipital artery by entering medial to the
artery. Steroid and local anesthetic are typically injected. This
procedure is performed to treat occipital headaches or occipital
neuralgia. Tension-type headache may not respond to occipital
nerve blocks (Fig. 147.13).

Cervical plexus block
Cervical plexus block provides analgesia to the head and
neck region. Both superficial and deep cervical plexus can be
blocked. The deep cervical blocks help with surgeries such as
carotid endarterectomy and thyroid surgeries.These blocks also
have a role in pain management of the upper extremity, includ-
ing postoperative pain, pain from trauma, complex regional
pain syndrome (CRPS), and neuropathic pain (Fig. 147.14).

Suprascapular nerve block
This block can be performed with landmarks or with flu-
oroscopy. A short, 22-gauge needle is directed to the
suprascapular notch, at the location of the nerve. Steroid
and local anesthetic are typically injected. This injection can be
used for any painful condition of the shoulder, such as arthritis
or adhesive capsulitis (Fig. 147.15).

Intercostal nerve block
An intercostal nerve block is an injection of a steroid or local
anesthetic around the intercostal nerves that are located under
each rib (Fig. 147.16). It is used to treat neuropathic chest pain

Figure 147.13. Occipital nerve blocks.

secondary to postthoracotomy syndrome, postherpetic neu-
ralgia, and other neuropathic chest pain syndromes. This
procedure can be performed blindly, under ultrasonography
and fluoroscopy. Pneumothorax is a possible complication of
which the physician should be cognizant during and after the
procedure.

Figure 147.14. Cervical plexus block.
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Figure 147.15. Suprascapular nerve block. Posterior view of blocking the suprascapular nerve.

Figure 147.16. Intercostal nerve block.
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Figure 147.17. Lateral femoral cutaneous nerve block. Anterior view of the
nerve block 2 cm below and medial to the anterior superior iliac spine.

Paravertebral nerve block
Paravertebral block is an injection of local anesthetic adjacent
to the vertebral body close to the exit of the spinal nerves
from the intervertebral foramina. This injection causes both an
ipsilateral somatic and sympathetic nerve blockade in multiple
contiguous thoracic dermatomes above and below the site of
injection. Indications include postoperative and surgical anal-
gesia in breast, thoracic, renal, and abdominal surgeries. Other
indications include fractured ribs and postherpetic neuralgia.
The advantages include avoidance of thoracic epidural injec-
tion, low risk of pneumothorax, andmultiple levels of analgesia
with a single injection.

Lateral femoral cutaneous nerve block
With the patient supine, a 25-gauge short needle is directed
2 cm medial and 2 cm inferior to the anterior superior iliac
spine, deep to fascia. A 10-ml volume of steroid and local anes-
thetic is injected in a field block pattern. This block is used to
treat meralgia paraesthetica (Fig. 147.17).

Ilioinguinal and iliohypogastric nerve blocks
With the patient supine, a 25-gauge, 1.5-inch needle is inserted
2 inches medial and inferior to the anterior superior iliac spine,
directed toward the symphysis pubis. When the needle enters
the external oblique fascia a mixture of steroid and local anes-
thetic is injected in a field block pattern without violating the
peritoneal cavity (Fig. 147.18). This block may be used in pos-
thernia pain secondary to ilioinguinal neuropathy. Iliohypo-

Figure 147.18. Ilioinguinal nerve block. Anterior view of the nerve block 2
inches below and medial to the anterior superior iliac spine over the inguinal
ligament.

gastric block is done in a similar fashion, but the needle entry
point is 1 inchmedial and below the anterior superior iliac spine
(Fig. 147.19). The iliohypogastric and ilioinguinal nerves have
overlapping cutaneous distributions (Fig. 147.20).

Figure 147.19. Iliohypogastric nerve block. Anterior view of the nerve block
1 inch below and medial to the anterior superior iliac spine over the inguinal
ligament.
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Figure 147.20. Overlapping dermatomes of the ilioinguinal, iliohypogastric,
and genitofemoral nerves.

Genitofemoral nerve block
With the patient supine, the genital branch is injected at the
junction of the inguinal ligament and pubic tubercle. The
femoral branch is injected below the midpoint of the inguinal
ligament after avoiding the femoral artery. A mixture of local
anesthetic and steroid is injected.This is typically done in post-
hernia or scrotal pain (Fig. 147.21).

Pudendal nerve block
Pudendal nerve block provides analgesia to the S2 through S4
dermatomes supplying the anal, perineal, and genital areas.
It can be performed transvaginally or transperineally by fluo-
roscopy, ultrasound or CT-guided approaches. The indications
include chronic pelvic or perineal pain secondary to pudendal
nerve entrapment or compression by sacrospinous ligament or
in the pudendal canal. The pudendal nerve terminates in the
right and left dorsal nerve of the penis. Penile nerve blocks

Figure 147.21. Genitofemoral nerve block. Anterior views of the nerve
block at both the femoral and genital branches are shown.

provide analgesia in release of paraphimosis, dorsal slit of the
foreskin, penile lacerations, and circumcisions.
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Chapter

148 Interventional painmanagement II:
implantable and other invasive therapies
Christian D. Gonzalez, Pradeep Dinakar, and Edgar L. Ross

Interventional techniques were developed to interrupt the
transmission of pain. It makes the healing process more toler-
able. The fundamentals of interventional pain medicine can be
traced as far back as the American Civil War. During that time,
Silas Weir Mitchell performed amputations of limbs that were
extremely painful after nerve injury, a phenomenon he termed
causalgia. In Europe it would be René Lerichewhowould follow
Mitchell’s steps duringWorldWar I. He based his hypothesis on
sympathetic dysfunction as an etiology for causalgia.

Scientific advancements have allowed for the development
of newer techniques to treat pain. The use of fluoroscopy
and its advancements have created a more effective and safer
practice. This chapter is dedicated to the discussion of more
invasive and implantable techniques in the management of
pain.

Medial branch nerve blocks
Medial branch nerve blocks (MBBs) are a diagnostic tool for the
pain physician (Refer to figure in Chapter 147). With age, we
develop arthritic changes of the spine. These changes are accel-
erated by trauma, obesity, weight lifting, andwork-related stress
on the facet joints. We start seeing degenerative changes in the
spine by the third and fourth decade of life. The loss of cush-
ion from the disc causes the facets to bear more weight. The
end result is hypertrophied facets that can be painful. MBB is
performed using just a local anesthetic or in combination with
steroids to determine if the patient obtains pain relief. If the
block is positive (there is pain relief), the patient is scheduled
for radiofrequency lesioning (RFL) of themedial branchnerves.
RFL gives a longer lasting pain relief than the block.The need to
performdiagnostic blocks and the number of diagnostic blocks,
if any, prior to the RFL are controversial. There are no adequate
data to support either practice.

Intra-articular facet blocks
Intra-articular facet block involves the deposition of medica-
tions inside the facet joint (Refer to figure in Chapter 147). The
drawback of performing these injections is the repetitive use of
corticosteroids. Some practitioners argue, however, that it is a
therapeutic injection and only requires one step. Others con-
sider a positive finding enough of a criterion to performing RFL
when the pain returns.

Sacroiliac joint injection
The sacroiliac joint is a major culprit of axial back pain, espe-
cially in the elderly population. These joints become degenera-
tive and cause pain as the degeneration progresses. Imaging of
the joint is not accurate in determining if the changes observed
correlate with pain. Also, physical examination has been under
debate to determine the most accurate test to diagnose sacroil-
iac joint pain. Most practitioners will agree that combinations
of examinations, with or without imaging, are the best tool
for the diagnosis. New studies show that tenderness to palpa-
tion over the sacroiliac joint may be the single most accurate
examination. Others argue that, if it is suspected, a diagnostic/
therapeutic block can be performed (Fig. 148.1). If the pain
worsens, then it can be repeated as necessary versus considera-
tion of an RFL of the joint.

Figure 148.1. Sacroiliac joint injection.
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Radiofrequency lesioning
Conventional RFL is used for many different therapies in the
management of pain. Today it is mostly used for the treatment
of axial back pain produced by facet arthropathy and sacroiliac
joint arthropathy. After obtaining a positive diagnostic block,
which is a reported pain relief of greater than 50% to 75%, the
decision is made as to whether to proceed to RFL. This proce-
dure is therapeutic and (at least in theory) gives pain relief for
greater than 6 months, which is the nerve regeneration time.
RFL causes the lesion by the passage of current from an active
electrode in the tissue (insulated cannula with a bare tip) to the
dispersive electrode (grounding pad/cannula). Voltage on the
cannula generates an electric field around its tip. Heat is then
generated in the tissue. The lesion size is dependent on the
time, temperature, and tip diameter. The radius of the lesion
increases until thermal equilibrium is reached. Monitoring the
tip temperature enables control of the lesion size. The nervous
tissue withstands temperatures up to 42.5flC, whereas tempo-
rary cessation of neural functions occurs at 42.5flC to 44flC. In
conventional RFL, we cause permanent damage to the nerve
by increasing the temperature to 80◦C, thus causing thermal
injury.

Pulsed RFL, in contrast, is used to treat facet joints, sacroil-
iac joints, dorsal root ganglion, stellate ganglion, Gasserian
ganglion, and intervertebral discs. Pulsed RFL causes voltage
fluctuations, but there is no heating of the tissue or tissue dam-
age. Even though the exact mechanism of action of pulsed RFL
is unknown, a presumed theory states that persistent increase
of c-Fos expression in the dorsal horn neurons causes possible
inhibition of the synaptic activation of the C fibers.

Vertebral body augmentation therapy
Indications are recent vertebral body compression fractures
secondary to osteoporosis or malignancies that have failed
conservative therapy. In both conditions there is skeletal dis-
ease that is characterized by low bone mass and architec-
tural deterioration of bone tissue. These changes lead to an
increase in bone fragility and increased susceptibility to frac-
tures. It is estimated that approximately 44 million people in
the United States are at high risk for vertebral body compres-
sion fractures. Ten million are related to osteoporosis, whereas
the other 34 million are related to low bone mass. The vast
majority of osteoporotic cases are in women, with a predom-
inance of a 4:1 ratio. Fifty-five percent of this population at
risk is older than 55 years. In 2002, the National Osteoporosis
Foundation estimated that osteoporosis-related expenditures
in the United States account for more than 20 billion dollars
per year. Silverman and colleagues showed that approximately
20% of osteoporotic patients who have suffered a vertebral
fracture in the past will present with another fracture within
1 year.

Evaluating the patient for vertebral body compression frac-
ture involves a thorough history and physical examination.

Most patients can tolerate the acute period of the fracture and
require no therapy. The first step in patient care is to allow 6
weeks of conservative therapy. The patient is given analgesics,
usually opioids, and placed on minimal exercise recommen-
dations. However, if after 2 weeks the patient is bedridden,
in severe pain, or not tolerating the analgesics, then the ther-
apy is recommended to prevent adverse outcomes. It is impor-
tant to rule out any contraindications for treatment, including
allergies, severe spinal stenosis, retropulsion of fracture frag-
ments, or nerve root compromise. It is also important to obtain
appropriate imaging. MRI with a STIR sequence is the imag-
ing modality of choice. Acute inflammatory processes will be
bright, whereas normal tissue and fat will be dark. This allows
us to best determine the approximate time of injury (old vs. new
fracture) and also the extent of inflammation in the area. IfMRI
is contraindicated, then a bone scan study would be the next
option.

There is a debate between the use of a balloon to create a
cavity for the injection of cement (kyphoplasty; Fig. 148.2) ver-
sus injection of the cement without a cavity (vertebroplasty;
Fig. 148.3). The major difference between the two is the
extravasation of cement, which is less common with the cre-
ation of a cavity. Also, a major advantage of using the bal-
loon and creating the cavity is the thickness of the cement
that can be injected. If no cavity is created, thin, liquefied
cement is injected. Extravasation of cement intravascularly can
cause unwanted major complications, including pulmonary
embolism and death. Studies have shown that both procedures
are effective in treating the fracture and pain. Recent random-
ized, controlled trials (RCTs) have not shown a significant long-
term improvement between patients undergoing vertebroplasty
and those undergoing sham procedures.

Discography
Discography is a study performed for the diagnosis of a sus-
pected painful disc. It also serves as an anatomical study of
the disc by using contrast and imaging the disc afterward. The
main reason to use this study is to help determine which disc is
causing the pain before the patient undergoes further therapy.
Most practitioners use this technique prior to the patient having
fusion surgery of the spine. Outcome studies show a better out-
come from fusion surgery if the affected disc was first identified
with the use of discography.

Some institutions inject a determined volume, some fol-
low a pressure-guided study, and others inject until a painful
response is obtained and compared this at other levels. With
the development of newer technology, we can assess the open-
ing disc pressure, volume injected, and changes in pressure
during the study at different levels. If no concordant pain is
achieved, it is a negative study. If there is concordant pain, it
is a positive study and the level(s) affected is identified (Fig.
148.4). The outcomes from fusion surgery or other therapies
improve if one single level is affected (vs. multiple level involve-
ment).
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Figure 148.2. Kyphoplasty.

Intradiscal electrothermal therapy
Approved by the U.S. Food and Drug Administration (FDA)
in 1998, more than 50,000 intradiscal electrothermal therapy
(IDET) procedures have been performed to date. Periprocedu-
ral costs are less than one-fifth of those for fusion surgery. IDET
works by causing thermal modification of the annular colla-
gen fibers (Fig. 148.5). It is used for chronic discogenic back
pain. Discogenic pathology must be established prior to per-
forming the therapy. Candidates should (1) have failed at least
6 months of comprehensive conservative therapy and (2) be
facing surgery as the sole therapeutic option. Two major RCT
studies have shown that IDET is beneficial for patients who are

younger than 50 years, have a lesser than 30% disc height loss,
have no major disc herniation (�4 mm), do not have central
canal stenosis, and have only one disc affected with a positive-
concordant discogram.

Implantable therapies for pain
Implantable therapies have long held a role in the treatment
of the most refractory pain patients. These therapies hold the
promise of relief in well-selected patients, even when all other
approaches have not been helpful. There are several differ-
ent approaches that are selected based on clinical circum-
stances.

Figure 148.3. Vertebroplasty.
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Figure 148.4. Discography.

Figure 148.5. IDET.

Epidural catheters
There are two types of epidural catheters and multiple tech-
niques for implantation and anchoring. This is usually used
in conditions requiring short-term analgesia. These catheters
are tunneled subcutaneously a distance from the insertion site.
Some epidural catheters have Dacron sleeves that reduce the
incidence of infection migrating to the epidural space.

Subcutaneous reservoir or port-a-cath
This device consists of two parts: (1) a subcutaneous port
attached to (2) a catheter, which is placed into either the epidu-
ral or intrathecal space. This procedure is indicated for either
malignant or nonmalignant pain states after oral medications
have proven ineffective. This procedure is generally reserved
for intermediate-length therapy, particularly for patients with
malignancies and less than 3 months of life expectancy. This
procedure can also be used in the treatment of complex regional
pain syndrome (CRPS), and can facilitate aggressive rehabil-
itation. The device can subsequently be removed after treat-
ment has concluded. The procedure for catheter placement is
identical to the one used for epidural or intrathecal catheter
placement. The catheter is tunneled subcutaneously to a sili-
cone access port, which is placed in a pocket over the anterior
of the rib cage.This reservoir can be accessed percutaneously to
provide either intermittent injections or continuous infusions
of analgesics.

Intrathecal infusion pump implantation
There are two types of pumps: fixed flow and programmable.
Fixed flow pumps are usually less costly and can hold more
medication; however, dosing changes require pump refills. Pro-
grammable pumps can provide various programming options,
including complex infusion programs. Dosing changes are eas-
ily done, with programmed increases in the pump’s infusion
rate. The indications for these pumps are refractory pain sec-
ondary to either malignant or nonmalignant pain in a patient
who is not a candidate for surgical approach or has not
responded to oral medications. Psychological screening is rec-
ommended.Theplacement of these infusion pumps is similar to
catheter placements as described earlier in text. An additional
step is required to surgically create a pocket, usually on the ante-
rior abdominal wall. The spinal catheter is tunneled subcuta-
neously from the posterior site to the pumppocket and attached
to the pump. Radiographs of pump and catheter are shown in
Fig. 148.6.

Neurostimulation
Electrical stimulation of the central nervous system (CNS) has
long been used for analgesia in neuropathic pain states. Elec-
trodes can be used for both peripheral and central stimulation.
Epidural placement of multielectrode arrays can be effective for
a variety of conditions, including neuropathic pain syndromes
and pain from vascular insufficiency. Electrodes have also been
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Figure 148.6. Programmable intrathecal pump
and intrathecal catheter radiographs.

(A) (B)

Figure 148.7. (A) Radiograph of thoracolumbar
SCS leads. (B) Radiograph of lumbosacral leads.

Figure 148.8. Occipital electrodes: anteroposterior view.

Figure 148.9. Retrograde pelvic electrodes: anteroposterior view.
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Figure 148.10. Peripheral nerve stimulator
anteroposterior and lateral radiographs.

implanted along peripheral nerves, such as the median, radial,
sciatic, tibial, and peroneal nerves. More recent approaches
have used a suboccipital approach for occipital neuralgia and
transsacral approaches for pelvic pain and bladder dysfunction.
Deep brain stimulation has been used to a limited extent for
various central pain syndromes and Parkinson’s disease. To be
effective, spinal cord electrodes must be placed in the epidu-
ral space. Intrathecal placement is painful and causes unwanted
motor stimulation. The location of peripheral nerves deter-
mines placement of stimulating electrodes. Suboccipital elec-
trodes are placed transversely in the subcutaneous tissue at the
C1 or C2 level. Transsacral placement of electrodes relies on the
visualization of sacral foramen.

Peripheral nerve stimulator placement requires visualiza-
tion of the affected nerve. Either a percutaneous approach using
a needle or a direct approach using a cut down to the nerve to
allow the placement of a flat or paddle lead alongside the desired
nerve is used. Fascial grafts in the open approach are often
used to protect the nerve. For epidural stimulation, the place-
ment of the electrode is similar to the placement of epidural
catheters. Trial stimulation determines efficacy prior to implan-
tation of the system. Fixation of the electrode is important to
avoid movement. Two types of pulse generators exist: an exter-
nal system that relies on radiofrequency current for power or a
battery-operated implantable pulse generator (IPG). Recently,
rechargeable systems have been introduced that have largely

replaced radiofrequency units. The IPG is usually implanted in
the buttock, over the greater trochanter, or in the abdominal
wall (see Figs. 148.7–148.10).
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Chapter

149 Complications associated with interventions
in painmedicine
Christopher J. Gilligan and James P. Rathmell

Overview
As with virtually all medical treatments, interventions used to
treat acute and chronic pain may result in complications. To
prevent adverse outcomes during these treatments, it is essen-
tial to have detailed knowledge of the anatomy of the structures
that lie near the target site for each intended treatment and a
clear understanding of technical aspects of the procedure that
are devised to minimize the risk of harm to these structures.
Thewidespread use of fluoroscopy has increased both the preci-
sion and the safety ofmany techniques.When complications do
arise, prompt recognition and treatment can often prevent seri-
ous sequelae. This chapter will review complications that may
arise from common treatments used in pain medicine.

Complications associated with epidural,
transforaminal, facet joint, and sacroiliac
joint injections
Direct injection of local anesthetic, with or without long-acting
corticosteroid suspensions, is widely used in the diagnosis and
treatment of pain arising from spinal structures. Among the
most common procedures are epidural steroid injections and
transforaminal injections for radicular pain associated with
acute lumbar disc herniation and spinal stenosis, zygapophy-
seal (facet) injections aimed at treating axial back pain associ-
ated with facet arthropathy, and sacroiliac (SI) joint injections
for treatment of SI-related low back pain. The American Soci-
ety of Anesthesiologists (ASA) maintains an ongoing surveil-
lance of malpractice claims that have been settled through the
ASAClosedClaimsProject. A recent report stemming from this
project detailed 114 complications associated with chronic pain
treatment (Table 149.1). Neurotoxicity, direct neurologic injury,
and the pharmacologic effects of corticosteroids have all been
reported.

Neurotoxicity
The intrathecal injection of radiographic contrast, anesthet-
ics, or steroids for meningeal inflammation from the breach of
the spinal canal during surgery with or without direct neural
injury can result in arachnoiditis or cauda equina syndrome.
The typical signs and symptoms of arachnoiditis are shown in

Table 149.2. There is little evidence that any of the components
of the available long-acting corticosteroid preparations are neu-
rotoxic. Following the appearance of arachnoiditis during the
intrathecal injection of methylprednisolone acetate, polyethy-
lene glycol was suggested as the offending agent, whichwas sub-
sequently disproved. It is important for practitioners to realize,
however, that, despite their widespread use for epidural injec-
tion, these steroid preparations are not labeled for epidural use
by the US Food and Drug Administration or any other regula-
tory agency. The concern regarding arachnoiditis appears to be
limited to intrathecal administration (e.g., following inadver-
tent dural puncture in the course of attempted epidural place-
ment). Thus, it is advisable to use all available means to avoid
intrathecal injection of corticosteroid.

Neurologic injury
Direct mechanical injury to the spinal nerves or the spinal cord
itself can occur during needle placement for epidural injec-
tion. The most common presentation of such nerve injuries is
persistent paresthesia. Surprisingly, needle penetration into the
cord is not always catastrophic and may even occur without the
patient reporting symptoms. More significant injury occurs if
there is subsequent bleeding into the spinal cord or if anything
is injected through the needle into the parenchyma of the spinal
cord.The risk of direct injury to the spinal cord is greatest when
epidural injection is carried out at the high lumbar, thoracic,
or cervical level with deep sedation; these patients are unable
to report symptoms on needle contact with the cord. Large
disc herniations at the level of the injection, which narrow or
obliterate the epidural space anteriorly, displace the spinal cord

Table 149.1. Primary outcome for claims related to epidural steroid
injections

Nerve injury 28
Infection 24
Death/Brain damage 9
Headache 20
Increased pain/No relief 10

Fitzgibbon DR, Posner KL, Caplan RA, et al. Chronic pain management:
American Society of Anesthesiologists ClosedClaims Project. Anesthesiology
2004; 100:98–105.
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Table 149.2. Symptoms of adhesive arachnoiditis

Constant, burning pain in low back and legs
Urinary frequency and incontinence
Muscle spasm in the back and legs
Variable sensory loss
Variable motor dysfunction

posteriorly, predisposing the cord and dorsal root ganglion
to injury (Fig. 149.1). Immediate neurosurgical consultation
and diagnostic imaging are warranted in cases where injury
to the spinal cord is suspected; consideration should be given
to administration of a course of high-dose intravenous corti-
costeroids, as this approach has proven somewhat beneficial in
reducing neuronal injury following blunt traumatic spinal cord
injury.

Vascular injury
The most concerning risk of transforaminal injection is
unintentional vascular injection of the steroid suspension.

Intravenous injection is an innocuous event during transforam-
inal injection; particulate steroid injected intravenously will
simply be carried away from the site of inflammation, thus
reducing any local anti-inflammatory effect. In contrast, intra-
arterial injection is far less common, butmay cause catastrophic
neurologic injury. In the cervical spine, the vertebral artery,
the ascending cervical artery, and the deep cervical artery all
furnish spinal branches that enter the intervertebral foramina.
These spinal branches supply the vertebral column but also give
rise to radicular arteries that accompany the dorsal and ven-
tral roots of the spinal nerves (Fig. 149.2). Frequently, ante-
rior radicular arteries are of significant caliber and reinforce
the anterior spinal artery. Such reinforcing arteries can occur
at any cervical level, but appear to be more common at lower
cervical levels. If particulate steroid is injected into a reinforc-
ing radicular artery during transforaminal injection, infarc-
tion of the cervical spinal cord could ensue. Radicular arterial
branches arising from the vertebral artery can also join the
arterial supply that reaches the anterior spinal artery; it is
possible that injectate placed within a radicular artery during

B A

Figure 149.1. Cervical MRI of large disc herniation causing effacement of the epidural fat and CSF surrounding the spinal cord. (A) Midline sagittal, T2-weighted
MRI showing large disc herniation at the C6/7 level (arrow) that effaces the epidural fat and CSF signal both anterior and posterior to the spinal cord. (B) Axial,
T1-weighted MRI, showing a large central and left-sided disc herniation (arrowheads) displacing the spinal cord (arrows) to the right posterolateral limits of
the spinal canal. (Reproduced with permission from Field J, Rathmell JP, Stephenson JH, Katz NP. Neuropathic pain following cervical epidural steroid injection.
Anesthesiology 2000; 93:885–888.)
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Figure 149.2. Axial view of cervical transforaminal injection at the level of
C6. The needle has been inserted along the axis of the foramen and is in final
position against the posterior aspect of the intervertebral foramen. Insertion
along this axis places the needle behind the spinal nerve and behind the
vertebral artery, which lies anterior to the foramen. Inset: A spinal artery arises
from the vertebral artery. It supplies the vertebral column. Another spinal
artery enters the intervertebral foramen from the ascending cervical artery
or deep cervical artery. It furnishes radicular branches that accompany the
nerve roots and ultimately reach the anterior and posterior spinal arteries
of the spinal cord. (Modified with permission from: Rathmell JP. Atlas of
Image-Guided Intervention in Regional Anesthesia and Pain Medicine. 1st ed.
Philadelphia: Lippincott Williams & Wilkins; 2006, Figure 6–1, p. 54.)

transforaminal injection could reach the vertebral artery via
retrograde flow through an arterial anastomosis. If particu-
late steroid reaches the vertebral artery during transforaminal
injection, infarction of the posterior circulation of the brain,
including the cerebellum, could result. Published guidelines for
performing cervical transforaminal injections are designed to
prevent these complications (Table 149.3).

Epidural catheters are usually used in conditions requir-
ing short-term analgesia The major vascular complication
with lumbar transforaminal injections involves the reinforcing
radicular artery, known as the artery of Adamkiewicz, which
typically arises at thoracic levels but in 1% of individuals it
arises as low as L2, and more rarely as low as the sacral lev-
els. In patients with a low-lying radicular artery, the artery
can be entered during lumbar transforaminal injections. The
more frequently reported minor complications include tran-
sient headaches, increased back pain, facial flushing, increased
leg pain, and vasovagal reaction.

Pharmacologic effects of corticosteroids
The administration of exogenous corticosteroids can lead to
both hypercortisolism and suppression of the adrenal cortex’s
normal production of endogenous glucocorticoids. The long-
acting corticosteroid preparations used for epidural steroid
injection slowly release the active steroid over 1 to 3weeks. Fluid
retention, weight gain, increased blood pressure, congestive
heart failure, and Cushingoid side effects have been reported
after epidural steroid injections. Glucocorticoid administration
reduces the effect of insulin and results in increased blood glu-
cose levels and insulin requirements in diabetics for 48 to 72
hours. Although rare, allergic reaction to systemic administra-
tion of corticosteroid has also been documented.

Bleeding complications
Epidural injection for pain treatment carries the risk of epidu-
ral or subdural bleeding in patients without any apparent coag-
ulopathy. Significant bleeding within the epidural space can
cause compression of neural structures, potentially resulting
in paraplegia or quadriplegia. The risks of neuraxial injections
for pain treatment in patients taking anticoagulants are sim-
ilar to those in such patients receiving perioperative epidu-
ral analgesia. Epidural injection of steroids should be avoided
in patients receiving systemic anticoagulants (e.g., coumadin
or heparin) or potent antiplatelet agents (e.g., clopidogrel or
ticlopidine). Nonsteroidal anti-inflammatory drugs (NSAIDs),
including aspirin, do not appear to increase the risk of epidural
hematoma formation due to epidural injection.

Infectious complications
Injection therapy for pain treatment carries a small risk of both
superficial and deep infection, including neuraxial infection,
such as epidural abscess, whichhas potentially devastating com-
plications, including permanent sensory andmotor deficits and
bladder and bowel dysfunction. Table 149.4 shows a recent
review of epidural abscess following various types of epidu-
ral steroid injections. Other complications include meningitis,
osteomyelitis, and septic arthritis of the facet joints. Consider-
ations regarding sterile technique and use of disinfectant solu-
tions are similar to those recommended for single-shot regional
anesthetic techniques performed in the perioperative period.
Most experts recommend the use of an iodine-based skin

Table 149.3. Preventing complications during cervical transforaminal injection

• Advance the needle using fluoroscopic guidance from an anterior oblique approach.
• Ensure that the needle remains over the superior articular process along the posterior aspect of the intervertebral foramen. The vertebral artery lies

anterior to the foramen. Keeping the needle posterior avoids risk of penetrating the vertebral artery.
• Use anteroposterior radiography to adjust final needle depth. Do not advance the needle more than 50% across the medial-lateral dimension of the

foramen to avoid penetrating the dural sleeve.
• Once the needle is in final position, inject a small volume of radiographic contrast under “live” or “real-time” fluoroscopy to ensure that injection into an

artery does not occur. Digital subtraction angiography is a fluoroscopic technique that offers advantages over conventional fluoroscopy by subtracting
out the overlying radiodense structures and improving visualization of contrast spread.

Rathmell JP, Aprill C, Bogduk N. Cervical transforaminal injection of steroids. Anesthesiology 2004; 100(6):1595–1600.
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Table 149.4. Data regarding cases of epidural abscess following
epidural steroid injections

Total number of cases 15
Onset ≤1 wk 9
Onset >1 wk 6
Patients with diabetes 5
Caudal epidural injection 1
Lumbar epidural injection 10
Thoracic epidural injection 1
Cervical epidural injection 3
Required laminectomy 11
Deaths 2
Residual motor dysfunction 5

Huang RC, Shapiro GS, Lim M, Sandhu HS, Lutz GE, Herzog RJ. Cervi-
cal epidural abscess after epidural steroid injection. Spine (Phila Pa 1976)
2004; 29(1):E7–9; Hooten WM, Kinney MO, Huntoon MA. Epidural abscess
and meningitis after epidural corticosteroid injection. Mayo Clin Proc 2004;
79(5):682–686.

preparation solution, routine use of sterile drapes and gloves,
and strong consideration of use of face masks and hats.
Routine use of preprocedure antibiotics does not appear to be
warranted in the majority of single-shot spinal and perispinal
injections. Pain practitioners should establish written post-
procedural instructions for their patients that provide a clear
description of the signs and symptoms of evolving infection
and a clear process for contacting pain clinic personnel in the
event of any worrisome signs or symptoms. Whereas some iso-
lated paraspinous infections have been treatedwith needle aspi-
ration, most will require open surgical incision and drainage
along with the administration of systemic antibiotics.

Complications associated with
sympathetic blocks
Sympathetic blocks, including stellate ganglion, celiac plexus,
and lumbar sympathetic blocks, have been used for more than
half a century. The various complications described earlier in
this chapter, including neurotoxicity, neurologic injury, vascu-
lar injury, bleeding, and infectious complications, also apply to
sympathetic blocks. The specific complications that are associ-
ated with these blocks are described in the following sections.

Stellate ganglion block
Complications from stellate ganglion block can arise from
vascular complications, unintended nerve blocks, epidural or
intrathecal injection, or inadvertent injury to the surrounding
structures.

Several arteries and veins lie in close proximity to the
intended injection site, the anterior tubercle of C6 or C7. Intra-
venous injections into the neck veins do not commonly result
in sequelae because the low volume and concentration of local
anesthetic do not produce a toxic effect. In contrast, intra-
arterial injections can give rise to catastrophic complications.
Vertebral artery injections canoccurwhen the needle is inserted
toomedially and posteriorly.The practitioner typically contacts

bone, but mistakes the posterior tubercle for the anterior tuber-
cle. Slight withdrawal of the needle from the posterior tubercle,
particularly if in a medial position, can lead to vertebral artery
injection.The carotid artery and the spinal radicular artery also
lie near the needle path during a stellate ganglion block. Intra-
arterial injections can cause seizures or embolic stroke of the
brain. Complications of aspiration during a seizure can bemin-
imized by maintaining an NPO status prior to the procedure.
The embolic stroke complication can beminimized by not using
particulate steroids during a stellate block, given the lack of evi-
dence suggesting added benefit with steroids.

Unintended block of the cervical spinal nerves, recur-
rent laryngeal nerve, phrenic nerve, and brachial plexus are
more commonly seen complications associated with the stel-
late block. Cervical spinal nerves traversing the intervertebral
foramen near the location for a stellate ganglion block results in
a selective cervical motor and sensory nerve root block. Recur-
rent laryngeal and phrenic nerve blocks are frequent side effects
of stellate ganglion block. They occur from local anesthetic
injection that spreads from the area of the ganglion. Because
diffusion of drug is required to obtain a satisfactory block, it can
be expected that these nerves will often be temporarily blocked.
Symptoms of a recurrent laryngeal nerve block include hoarse-
ness and, occasionally, stridor. Patients often complain of dif-
ficulty in catching their breath and the sensation of a lump in
their throats. Symptomatic treatment is sufficient along with
reassurance that these sensations will resolve when the local
anesthetic effect ends. Patients should be cautioned to drink
clear liquids initially after a stellate ganglion block to make sure
that their upper airway reflexes are not compromised. When
they feel comfortable swallowing liquids, they can progress to
regular food. Unilateral phrenic nerve block rarely presents as a
problem for patients unless they have preexisting severe respi-
ratory compromise. The potential for producing phrenic nerve
block is one reason why bilateral stellate ganglion blocks are
rarely performed simultaneously. Most practitioners wait sev-
eral days or a week between injections. Horner’s syndrome is
often observed following a stellate ganglion block.Horner’s syn-
drome is, theoretically, a side effect, because a stellate ganglion
block is most commonly performed for patients with upper
extremity pain (to establish the diagnosis of sympathetically
mediated pain [SMP] or therapeutically for complex regional
pain syndrome [CRPS] type I or II). Horner’s syndrome con-
sists of miosis, ptosis, and enophthalmos. In fact, many practi-
tioners look for Horner’s syndrome as evidence of sympathetic
denervation following stellate ganglion injection of local anes-
thetic. Brachial plexus block can occur following a stellate gan-
glion injection and occursmost commonly when the needle has
been inserted too deep, bypasses the anterior tubercle, and rests
on the posterior tubercle. After retraction from the posterior
tubercle, the injection of local anesthetic will commonly block
one or more of the roots of the brachial plexus.

Intrathecal injection of local anesthetic at this site typically
produces a total spinal block accompanied by loss of airway
reflexes and phrenic nerve function. Intubation and assisted

928



Chapter 149 – Complications Associated with Interventions in Pain Medicine

ventilation will be required until the block abates.The duration
of the block depends on the drug and the total dose injected.
Verbal reassurance of the patient can further calm fears and
assure him or her that the effects experienced are temporary.

The pleural dome of the lung extends variably above the first
rib. Most commonly, this dome passes laterally to the intended
C6 injection site for the stellate ganglion block. Pneumothorax
can result despite careful attention to anatomy and technique,
and patients should be warned of this potential complication
prior to a posterior approach to the sympathetic chain or stellate
ganglion. Paratracheal hematoma causing airway obstruction
and death has been reported as a complication of stellate gan-
glion block. Infections are uncommon following stellate gan-
glion injections, but there are case reports of cervical vertebral
osteomyelitis. Other rare complications include transient
locked-in syndrome following the stellate ganglion block.

Celiac plexus block and lumbar
sympathetic block
Complications that have been reported include intravascular
injection, intraspinal injection, infection (including discitis),
postdural puncture headache, and hematoma formation.

On the left side of the spine, the aorta lies close to the
needle-placement site.The inferior vena cava lies near the place-
ment site for needles on the right side. Large volumes of local
anesthetic, particularly bupivacaine, can cause seizures and/or
cardiovascular collapse if injected into either vessel. Resuscita-
tion can be prolonged and difficult, especially in cases where
bupivacaine is injected. Careful, frequent aspiration and inter-
mittent injection are recommended. If the solution contains
epinephrine, changes in heart rate may serve as a warning sign
of intravascular injection.

Accidental lumbar nerve root block, epidural, intrathecal,
or intraspinal injections occur rarely now that fluoroscopy is
more commonly used.The intervertebral disc lies near the path
of a lumbar sympathetic block needle. Unintentional injury to
the disc usually does not cause any complications. Occasionally
it can cause discitis. Postdural puncture headache after a lum-
bar sympathetic block has been reported, most likely occurring
as a result of the needle passing near a nerve root sleeve that
contained spinal fluid. Severe bleeding, including both subcu-
taneous and retroperitoneal hematomas, have been reported.
Considerations for performing these blocks in patients taking
antiplatelet or anticoagulant medications are similar to those
proposed for performing neuraxial blockade.

Complications associated with
neurolytic blockades
Chemical neurolytic blockade
Neurolytic blocks are performed in patients with severe pain
secondary to advanced cancer or occlusive vascular dis-
ease. Their use in nonmalignant chronic pain (e.g., chronic
relapsing pancreatitis) remains controversial. The potential

complications of neurolytic blockade can be devastating to the
patient and must be carefully weighed against the anticipated
benefits.

The different types of neurolytic blocks include local injec-
tions, peripheral nerve blocks, lumbar sympathetic blocks,
celiac plexus blocks, and epidural and intrathecal blocks. Neu-
rolytic blocks can be done using ethyl alcohol, phenol, or hyper-
tonic saline.

Local complications of neurolytic blocks include skin and
subcutaneous tissue necrosis and sloughing secondary to vascu-
lar damage and ischemia. Peripheral neurolytic blocks are rarely
performed because they can cause motor deficit when mixed
nerves are blocked. Neuritis and deafferentation pain are poten-
tial consequences, and the block is not predictably permanent.
Anesthesia dolorosa is also seen as a complication in neurolytic
blocks. Neuraxial blocks can result in prolongedmotor and sen-
sory blocks, bladder and bowel dysfunction, and saddle-shaped
anesthesia. Systemic complications can result from any of the
blocks and include hypotension, central nervous system (CNS)
excitation, and cardiovascular collapse.

Neurolytic celiac plexus block (NCPB) has been shown to
be an effective analgesic technique for management of pain in
patients with intra-abdominal malignancies, particularly pan-
creatic cancer. Celiac plexus block using a transcrural approach
places the local anesthetic or neurolytic solution in direct con-
tact with the celiac ganglion anterolateral to the aorta. In con-
trast, splanchnic nerve block or retrocrural technique avoids the
risk of penetrating the aorta, uses smaller volumes of solution,
and is unlikely to be affected by anatomic distortion caused by
extensive tumor of the pancreas or metastatic lymphadenopa-
thy. Many of the minor complications of NCPB are the result of
effective sympathetic block due to neurolysis of the celiac gan-
glia. Neurolytic blockade of these sympathetic structures results
in the relative increase in parasympathetic tone to the splanch-
nic region. Subsequent vasodilation of the splanchnic vascula-
ture can result in orthostatic hypotension. Bowel hypermotility
causes diarrhea. Major complications – significant neurologic
deficits, such as loss of sensation or motor function of the lower
extremities, or vascular events, including uncontrolled bleed-
ing, arterial dissection, or injury to the artery of Adamkiewicz –
are extremely uncommon. Hematuria and pneumothorax are
complications from incorrect needle trajectory or placement.
Acetaldehyde dehydrogenase deficiency resulting in sensitivity
to ethanol has been reported. Following ethanol injection, indi-
viduals with aldehyde dehydrogenase deficiency have increased
systemic levels of acetaldehyde causing skin flushing, nausea,
headache, tachycardia, hypotension, and drowsiness.

In the event of a major vascular complication, such as sig-
nificant arterial bleeding or aortic dissection, immediate radio-
graphic imaging coupled with emergent surgical evaluation is
recommended. If neurologic deficits occur during the NCPB,
emergent consultation with a neurologist is indicated. There
are no known remedies for relieving arterial spasm after it has
occurred, but at least one case of transient paraplegia following
NCPB has been reported and attributed to arterial spasm.
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Cryoneurolytic blockade
Cryoneurolysis uses a low temperature to create nerve injury
resulting in long-lasting analgesia. The mechanism of nerve
injury is unclear. Given the intact nerve sheaths, the nerves
tend to slowly regenerate and pain returns to baseline. The
complications associated with cryolesioning are secondary to
improper insertion of the cryoprobe and thermal injury. Frost-
bite and ulcerations are the more common complications.
When mixed nerves are cryolesioned, reversible paresthesias
and motor deficits are not uncommon.

Radiofrequency neurolytic blockade
Radiofrequency (RF) generators use high-frequency waves in
the range of 300 to 500 kHz to produce tissue lesions via ionic
means. Because high frequencies in this range are also used in
radio transmitters, the current was named RF current. Conven-
tional RF treatment uses a constant output of high-frequency
electric current, produces controllable tissue destruction sur-
rounding the tip of the treatment cannula, and, when placed at
precise anatomic locations, has demonstrated success in reduc-
ing a number of different chronic pain states, including facet
arthropathy, whiplash injury, and trigeminal neuralgia. Pulsed
RF, in contrast, uses brief pulses of high-voltage, RF range
(∼300 kHz) electrical current that produce the same voltage
fluctuations in the region of treatment that occur during con-
ventional RF treatment, but without heating to a temperature
at which tissue coagulates. Conventional wisdom holds that the
usefulness of RF stems from the ability to produce a small lesion
of precise dimensions in a specific anatomic location.

Despite the widespread use of RF thermoablation for facet-
related pain, there are limited data regarding the safety of this
technique and its associated complications. As may occur with
any technique that requires needle placement, complications
may result from direct injury to neural or vascular structures
in the vicinity of treatment or from thermal destruction during
the RF treatment.

The anatomic configuration of the sensory nerves to the
facet joints allows safe destruction without damage to the sen-
sory or motor nerves to the extremities. Precise radiographic
guidance allows placement of theRF cannula, and lesions can be
produced without affecting the anterior primary ramus, which
supplies the sensory and motor innervation to the trunk and
extremities (Fig. 149.3). Thermal injury caused by incorrect
positioning of the RF cannula has also been reported. Even
with proper technique, conventional RF lesions are associated
with sensory loss and onset of neuropathic pain in a subset of
patients secondary to either direct tissue, periosteal, or spinal
nerve injury.The frequency and severity of these neural changes
vary with the specific site of treatment, and are common after
intracranial RF lesioning of the trigeminal ganglion. Injury to
adjacent nerves can also occur; the frequency of these compli-
cations is minimized by the proper use of sensory and motor
stimulation before lesioning.

Figure 149.3. Mechanism of complications that arise during lumbar
RF medial branch neurotomy. Axial diagram of lumbar RF medial branch
neurotomy. A 22-gauge, 10-cm RF cannula with a 5-mm active tip is
advanced just anterior to the base of the transverse process where it joins
with the superior articular process. (A) An RF cannula in correct position for
lumbar RF medial branch neurotomy. The point of bifurcation of the posterior
primary ramus of the spinal nerve into medial and lateral branches is variable,
and conventional RF treatment commonly destroys both nerves. The medial
branch supplies sensation to the facet joint, and the lateral branch provides
motor innervation to the paraspinous musculature and a small and variable
patch of sensory innervation to the skin overlying the spinous processes.
(B) Neurolysis of the lateral branch does not have any demonstrable effect
on strength of the paraspinous muscles; however, cutaneous hyperesthe-
sia and/or hypoesthesia do occur infrequently. (C) Placement of the RF
lesion directly on the anterior primary ramus of the spinal nerve can cause
severe and persistent radicular pain. (Reproduced with permission from: Neal
JM, Rathmell JP. Complications in Regional Anesthesia and Pain Medicine.
Philadelphia: Saunders Elsevier; 2007, Figure 29–3, p. 295.)

The most common complications associated with cervical
medial branch neurotomy include postoperative pain (97%);
ataxia, unsteadiness, and spatial disorientation (23%); and
vasovagal syncope (2%) (Table 149.5). Lord found that brief
postoperative painwas the only side effect of lower cervical pro-
cedures, but ataxia occurred when the third occipital nerve was
treated. Because the third occipital nerve carries a large pro-
portion of fibers involved in cutaneous innervation, numbness
routinely accompanies lesioning of this nerve. In patientswhose
treatment was successful, this numb patch regressed over 1 to
3 weeks and was replaced by dysesthesia and pruritus, followed
by the return of normal cutaneous sensation and pain.The inci-
dence of expected treatment-related adverse effects and compli-
cations associated with lumbar RF medial branch neurotomy
is markedly lower than that observed following treatment at
cervical levels.

Major complications have been described mainly in the
form of case reports. Serious complications appear to be rare,
and the available data prevent meaningful systematic analysis.
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Table 149.5. Observed complications of cervical medial branch
neurotomy

Complication
Observed
frequency, %

95% CI,
%

Vasovagal syncope 2 0–6
Postoperative pain 97 94–100
Ataxia, unsteadiness, spatial disorientation 23 14–32
Cutaneous numbness

TON procedures 88 75–100
C3/4 procedures 80 55–100
Lower levels 19 8–30

Dysesthesias
TON procedures 56 37–75
C3/4 procedures 30 2–58
Lower levels 17 6–27

Dermoid cyst 1 0–4
Transient neuritis 2 0–6

CI, confidence interval; TON, third occipital nerve.
Lord SM, Bogduk N. Radiofrequency procedures in chronic pain. Best Pract
Res Clin Anaesthesiol 2002; 16:597–617.

Minor burns due to insulation breaks in electrodes and
improper functionof groundingpads have been reported.There
is no evidence of any significant risk of infection, hemorrhage,
or neurologic deficit.

Separate consideration should be given to the emerging use
of pulsed RF techniques that do not cause neurodestruction.
Complications with this type of neurolysis are limited to direct
needle injury andnot thermal injury, because the temperature is
not high enough to cause nerve damage.Despite the enthusiasm
for pulsed RF because it does not appear to be neurodestructive,
the nature and extent of lesions made by these methods have
not been described, and little evidence has been published to
demonstrate their efficacy.

Most sequelae following RF medial branch neurotomy are
self-limited and require nothing more than reassurance and
time to resolve. Patients should be warned to expect a transient
increase in pain for several days to weeks following treatment.
Providing a brief course of oral analgesics can obviate unnec-
essary return visits. If new-onset radicular pain with or with-
out allodynia appears, spinal nerve injury should be suspected,
and oral neuropathic pain treatment with a tricyclic antidepres-
sant or anticonvulsant should be started. Localized allodynia
described as a sunburn sensation is common, particularly fol-
lowing RF treatment of the high cervical medial branch nerves.
Topical 5% lidocaine patches can prove invaluable for symp-
tomatic management in these cases, which also tend to resolve
within days to weeks of treatment. Persistent numbness is also
common and rarely requires specific treatment.

Complications associated with implantable
therapies for pain
Subcutaneous reservoirs or port-a-cath
Complications are similar to those described for tunneled
intrathecal or epidural catheters. There is a 1% to 5% reported

risk of infection. As in any external infusion system, late-onset
neuraxial infection is a constant risk and appropriate care is
required. The presentation of an epidural abscess with the
potential of spinal cord compression requires appropriate clini-
cal vigilance. Minor complications can include pocket seromas,
hygromas, and spinal headaches from cerebrospinal fluid (CSF)
leaks. Inadvertent intrathecal placement may lead to inappro-
priately high doses ofmedication. Spinal cord injury and unrec-
ognized catheterization of epidural veins can lead to inadvertent
intravascular injection of local anesthetic into the epidural
veins. Because of the delayed onset of epidural hydromor-
phone hydrochloride and morphine, respiratory depression
many hours after injection has been reported. Spinal opiates can
cause nausea and vomiting, urinary retention, pruritus, seda-
tion, and respiratory depression. These side effects are usually
transient and can be symptomatically treated.

Intrathecal infusion pump implantation
Complications are similar to the complications seen with the
epidural port-a-cath. Additional complications associated with
high-dose opioids are intrathecal granulomas. The incidence
of these is not well established, but vigilance is needed to
avoid potential devastating spinal cord compression and per-
manent neurologic changes. Complications involving refilling
these pumps include inadvertent side port injections, especially
in older pumps that lack safety screens.Thismistakemaydeliver
a fatal intrathecal dose of medication initially starting with res-
piratory and cardiovascular collapse and finally death if left
unrecognized and untreated.

Neurostimulation
Specific complications from stimulators depend on the location
of the device. Spinal cord injuries frommisplaced epidural leads
can occur during the procedure or later if dural erosion occurs.
Risks from surgical infections are present and are similar in
incidence to those from the other implantable devices. Frac-
tured electrodes are the most common complications requiring
replacement. Programming errors resulting in painful stimu-
lation are temporary and rarely have long-term consequences.
Caution with a turned on stimulator while driving should be
discussed with the patient. This problem occurs particularly
early after surgery while the stimulation still varies with body
position. Lead displacement is also possible and can lead to the
need for surgical revision to establish effective stimulation.

Summary
There is a low incidence of serious complications associated
with the majority of interventional techniques currently in use
for the treatment of chronic pain. Careful history and physi-
cal examination will help to identify risk factors such as dia-
betes, immunosuppression, coagulopathy, and occult infection.
Knowledge of the anatomy relevant to each treatment tech-
nique and coupling this knowledge with meticulous use of
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radiographic guidance can minimize complications. The use of
intravenous sedation during these procedures remains contro-
versial.While modest levels of sedation that allow the patient to
communicate verbally with the operator throughout the proce-
dure seem reasonable, the use of heavy sedation or general anes-
thesia that compromises verbal communicationwith the patient
is imprudent. Patients should be informed of the most serious
complications as well as common minor complications, such
as accidental dural puncture and postdural puncture headache.
They should be instructed to report promptly any neurologic
changes, new or increasing pain, headache, and fever.There are
several complications that arise in the course of pain treatment
that, when recognized and treated early in their course,maywell
result in less catastrophic outcomes; foremost among these are
evolving epidural abscess and hematoma. A system of night and
weekend coverage should be available, and patients should be
instructed how to contact the on-call physician, such that any
adverse sequelae of these treatment techniques can be promptly
recognized and treated.
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Chapter

150 Back pain
John C. Keel

Introduction
Painful disorders of the spine are some of the most frequently
encountered conditions in the pain clinic. Back pain is also a
leading cause of any type ofmedical visit. In particular, low back
pain is one of the most common medical complaints, thereby
accounting for millions of primary care physician visits annu-
ally, and is a leading factor in disability and lost productiv-
ity. This chapter focuses on basic concepts of low back pain,
including specific definitions, functional anatomy, epidemiol-
ogy, and natural history. An overview of diagnosis and treat-
ment is included and will be discussed in more detail in other
chapters.

Definitions
The technical term for low back pain is lumbosacral spinal pain.
The International Association for the Study of Pain (IASP) has
defined spinal pain based on the perceived location of pain.
Lumbosacral spinal pain can arise from the lumbar or sacral
spine (Fig. 150.1). Lumbar spinal pain originates in an area
of the low back below the T12 spinous process, above the S1
spinous process, and medial to the lateral borders of the erec-
tor spinae muscles. Sacral spinal pain originates in the sacrum
below the S1 spinous process, above the sacrococcygeal joints,
andmedial to a line between the posterior superior and inferior
iliac spines.

Radicular pain is closely associated with lumbosacral spinal
pain. Lumbosacral radicular pain is perceived as arising from
the lower limbs due to ectopic activation of sensory fibers at
a spinal root level. Radicular pain is typically distributed in
a bandlike dermatomal pattern corresponding to the affected
spinal nerve (Fig. 150.1) and is distinguished from radiculo-
pathy, which requires a focal neurologic deficit in the distribu-
tion of a spinal nerve. Neurogenic claudication is intermittent
pain in the buttock, thigh, or leg, exacerbated by prolonged
walking or standing. Neurogenic claudication is due to steno-
sis of the central spinal canal.

Epidemiology and risk factors
Epidemiologic studies of back pain report varying numbers of
incidence and prevalence, but studies confirm that lumbosacral

spinal pain is a widespread medical condition. As many as 50%
to 80% of adults experience at least one significant episode of
low back pain in their lifetime. In a single year, 15% to 20% will
have back pain, and 2% to 5% of the entire population will seek
medical attention for back pain. One fifth of all physician visits
may be prompted by low back pain. Back pain affects children,
adolescents, and adults. Among older adults, back pain is more
prevalent in women than in men. Back pain has less prevalence
with advanced age, decreasing in women older than 85 years
and men older than 90 years. Low back pain is the most com-
mon cause of disability in persons younger than 45 years and is
the third leading cause in other age groups. Up to 1%of the pop-
ulation is disabled at any time due to low back pain. Approxi-
mately 25% of workers’ compensation costs are due to low back
pain. As a leading cause of absenteeism, temporary disability,
lost productivity, and workers’ compensation claims, back pain
has a great cost to society.

Numerous risk factors for low back pain have been
described (Table 150.1). Recurrent episodes of back pain and
a history of back pain strongly predict recurrence. New-onset
back pain is most common in the third decade of life, and
incidence rates are highest in the third through sixth decades.

Table 150.1. Risk factors for back pain

Demographic factors
Age
Gender
Socioeconomic status and education level
Health factors
Body mass index (BMI)
Tobacco use
Perceived general health status
Occupational factors
Physical activity, such as bending, lifting, or twisting
Monotonous tasks
Job dissatisfaction
Psychologic factors
Depression
Spinal anatomy factors
Anatomic variations
Imaging abnormalities

Rubin DI. Epidemiology and risk factors for spine pain. Neurol Clin 2007;
25(2):353–371.
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Figure 150.1. Lumbosacral spinal and radicular pain.

Women may be more likely to seek medical care for back pain
and develop chronic back pain. Lower socioeconomic status
and level of education are associated with markedly increased
rates of disability due to back pain. Body mass index greater
than 30 is a risk factor for back pain, especially in women.
Smoking may be a risk factor for back pain, but studies have
not clearly identified it as being independent of other associated
factors. Patients with chronic back pain are approximately six
times more likely to have depression, and patients with depres-
sion are twice as likely to develop back pain. Anatomic risk
factors for back pain may include congenital and acquired
abnormalities of the spine, but evidence is conflicting, as many
subjects have such abnormalities but do not have pain. For
example, several studies have demonstrated a high incidence of
lumbar disc abnormalities in asymptomatic individuals.

A third or more episodes of low back pain are related to
occupational risk factors. Conditions involving heavy lifting;
bending or twisting of the back; long-term static positions, such
as sitting, prolonged standing, or walking; or low-frequency,
whole-body vibration may be risk factors for back pain. Per-
ception of high physical demand may be more of a risk factor
than actual demand.Workplace dissatisfactionmay be a signifi-
cant risk factor. A study of a large population of aircraft employ-
ees revealed that subjects who had low work satisfaction were

2.5 times more likely to report a back injury than were those
who had high job satisfaction.

Natural history
Acute low back pain is usually a self-limited episode that will
resolve without intervention. Approximately half of disabling
episodes recover in 2 weeks, 70% are recovered by 4 to 6 weeks,
and 90%are recovered by 12weeks.Thedefinition of chronic low
back pain is typically pain that has persisted for 3months. Fewer
that half of patients who have disabling back pain for 6 months
will return towork. Almost nonewho experience disabling back
pain for 2 years ever return to work.

Several age-related and mechanical changes in the spine are
important in understanding the development of low back pain.
The intervertebral discs lose water content with age, which is
associated with loss of disc height. Repeated loading may lead
to circumferential tears in the annulus fibrosus, also known as
internal disc disruption. Such tears may be painful in them-
selves, as they occur most often in the posterior outer third of
the disc, known to have sensory innervation. Internal disc dis-
ruption weakens the annulus and may allow herniation of the
nucleus pulposus. The lumbar facet joints may develop synovi-
tis, then articular surface degradation, capsular abnormalities,
and joint hypertrophy.
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Table 150.2. Bogduk’s postulates

An anatomic structural cause of back painmust meet these criteria:
1. The structure must have a nerve supply.
2. The structure should be capable of causing pain similar to what is

clinically observed (e.g., when provoked in normal volunteers).
3. The structure should be susceptible to painful disease or injury; such

disorders should be detectable by clinical, imaging, biomechanical, or
postmortem tests.

4. The structure should be shown to be a source of pain in actual patients,
using reliable and valid diagnostic tests.

Anatomy
Anatomic structures of the lumbosacral spine that are respon-
sible for pain are often referred to as pain generators. Several
conditions are required for a structure to be considered a pain
generator, as described in-depth by Nikolai Bogduk (Table
150.2): There must be a nerve supply, because insensate struc-
tures are not typically sources of pain. Provocation or irritation
of the structure in normal volunteers should produce a distri-
bution of pain that is similar to what is observed in patients.
The structure must be naturally susceptible to injury or disease,
which may activate or sensitize local nociceptors mechanically
or chemically (e.g., via inflammation). Finally, the structure
must be demonstrated, using diagnostic techniques of known
reliability and validity, as a source of pain in patients.

Specific anatomic causes have been described for lum-
bosacral spinal pain (Table 150.3). A precise anatomic cause,
however, may not be discovered in asmany as 90% of individual
cases of chronic lumbosacral pain. Well-established pain gen-
erators include zygapophyseal (facet) joints, sacroiliac joints,
and discs. Incidence of internal disc disruption is estimated to
be 39% in chronic lumbosacral pain. Incidences of facet and
sacroiliac joint pain are 15% each.

Pain due to facet joints is typically deep aching of gradual
onset located near the midline of the lumbar spine, over the
location of the actual joints. Lumbosacral facet joint pain may
be referred to the buttocks and thighs, but usually not past the
knee. Pain may be exacerbated by compression of the joint sur-
faces or stretching of the joint capsule.

Sacroiliac joint pain is usually deep aching of gradual onset,
located in the lower back and upper buttock, over the posterior
margin of the joint. Painmay be referred to the thigh, but again,

Table 150.3. Generators of lumbosacral spinal pain

Structure Example

Vertebral body Osteoporotic fracture
Muscle, fascia, ligaments Trigger points
Meninges Epidural hematoma
Sacroiliac joint Sacroiliitis
Zygapophyseal joints Osteoarthritis
Intervertebral disc Internal disc disruption

usually not past the knee.Numerous physical examination tech-
niques have been described to assess the sacroiliac joint, but the
diagnostic block with local anesthetic is the best test.

Pain due to the discs themselves, known as discogenic pain,
is characterized by deep aching in the lumbosacral midline. As
with facet and sacroiliac joint pain, referral can be to the buttock
and thigh, but not past the knee. The most distinguishing his-
toric feature of discogenic pain is intolerance to prolonged
sitting. Prolonged standing and forward flexion of the lum-
bosacral spine also exacerbate discogenic pain.

Theanatomic cause of radicular pain ismost often attributed
to herniation of nucleus pulposus of the intervertebral disc.
Such ectopic disc material can mechanically irritate the nerve
root and can also cause an inflammatory reaction. Radicu-
lar pain can also arise from epidural, meningeal, or neuro-
logic disorders, as well as from any cause of foraminal stenosis.
Causes of foraminal stenosis other than disc herniations include
osteophytes, degenerative changes of ligamentumflavum, cysts,
tumors, and infections (Fig. 150.2). Failed back surgery syn-
drome is a nonspecific description of persistent or recurrent
pain after lumbar spinal surgery.

Diagnosis and treatment
Initial evaluation of back pain requires screening for poten-
tially dangerous conditions, often referred to as the “red flags” of
back pain (Table 150.4). For example, bowel or bladder dysfunc-
tion or saddle anesthesia can be associated with cauda equina

Table 150.4. The red flags of back pain

History

Gradual onset of back pain
Age < 20 y or > 50 y
Thoracic back pain
Pain lasting longer than 6 wk
History of trauma
Fever/chills/night sweats
Unintentional weight loss
Pain worse with recumbency
Pain worse at night
Unrelenting pain despite supratherapeutic doses of analgesics
History of malignancy
History of immunosuppression
Recent procedure known to cause bacteremia
History of intravenous drug use
Physical examination
Fever
Hypotension
Extreme hypertension
Pale, ashen appearance
Pulsatile abdominal mass
Pulse amplitude differentials
Spinous process tenderness
Focal neurologic signs
Acute urinary retention

Winters ME, Kluetz P, Zilberstein J. Back pain emergencies. Med Clin North
Am 2006; 90(3):505–523.
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Figure 150.2. Anatomic sources of back pain.

syndrome, which may require emergency surgical decompres-
sion to prevent permanent neurologic injury. Urinary reten-
tion and overflow incontinence are pathognomonic of cauda
equina syndrome (90% sensitivity, 95% specificity), and absence
of a postvoid residual urine has a 99.99% negative predictive
value. History or examination suggesting compression of the
spinal cord is critical, as 20% of patients with spinal metastases

will present with these features as the first evidence of their
malignancy. MRI is the gold standard diagnostic test in such
cases. Unexplained weight loss or fever can also be suggestive of
infection or malignancy. Pain that is unrelenting when recum-
bent has also been associated with spinal tumors. Red flags can
indicate serious conditions that need immediate imaging or sur-
gical consultation.
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After exclusion of red flags, the general algorithmic
approach to back pain begins with determining if the predomi-
nant pattern of pain is lumbosacral or radicular, then deciding if
the episode is acute or chronic. Physical examination is beyond
the intended scope of this chapter (the reader is referred to sev-
eral existing sources in the “Suggested readings” section), but
a few common tests should be mentioned here. The straight leg
raise, also known as Lasègue’s test, consists of passive hip flexion
with knee extended, with passive ankle dorsiflexion. This sen-
sitive maneuver causes traction of L4, L5, and S1 nerve roots,
and provokes radicular pain extending past the knee in the ele-
vated leg. The crossed straight leg is a more specific test that
provokes radicular pain in the symptomatic leg when lifting
the asymptomatic leg. Facet loading tests are usually positive
in facet arthropathy. The flexion, abduction and external rota-
tion (FABER) test and Gaenslen’s test are characteristic signs in
diagnosis of sacroiliitis.

Acute lumbosacral or radicular pain may initially respond
to a brief course of nonsteroidal anti-inflammatory drugs
(NSAIDs) or acetaminophen, with a centrally acting muscle
relaxant. Acute lumbosacral pain that persists may respond
to physical therapy and patient education. Lumbar epidural
steroid injections may speed resolution of acute radicular pain
in the 2- to 6-week timeframe (level 2 evidence). Bed rest is no
longer advised for back pain.

Diagnostic imaging is not generally used in the first 6 weeks
of an episode of lumbosacral spinal pain. If there is evidence of
acute nerve root compression, it is reasonable to obtain a lum-
bosacral MRI in preparation for performing an epidural steroid
injection. In cases of prior back surgery or failed back surgery
syndrome, the MRI should be ordered with gadolinium. Flex-
ion and extension radiographs can identify mobile segments
due to pseudoarthrosis in patients who have had spinal fusion.
CT and CT myelogram can be used when MRI is not possible,
but CT cannot distinguish causes of compression as is possible
with MRI.

Patients with chronic radicular pain may benefit from neu-
ropathic pain medications, such as tricyclic antidepressants,
selective norepinephrine reuptake inhibitors, or antiepilep-
tic medications as described in Chapter 145. Interventional
options including epidural injections, transforaminal injec-
tions, selective nerve root blocks, and pulsed radiofrequency
lesioning of the dorsal root ganglion, will be considered as a
part of multidisciplinary care for worsening pain. In cases of
chronic radicular pain refractory to more conservative treat-
ments, implantable spinal cord stimulation may be an option.

Facet joint treatment can be considered for chronic lumbar
spinal pain. Diagnostic blocks of the medial branch nerves (or
posterior primary ramus at L5) that innervate the facet joints
can determine if these joints are pain generators. If a series of
blocks significantly relieves pain for the duration of injected
local anesthetic, it suggests that facet joints mediate the pain.
Following this, radiofrequency lesioning of the same nerves can
be performed, potentially providing 3 to 6 months of relief.

A similar approach can be used for the chronic sacral spinal
pain. For facet and sacroiliac joints, diagnostic injections are
the gold standard for determination of the pain source. If such
blocks do not determine the source of chronic lumbosacral
spinal pain, provocative discography can be used to determine
if a disc is the source of pain, in cases where treatment options
would include intradiscal electrothermal therapy (IDET) or
surgical fusion. Multidisciplinary pain programs that incorpo-
rate physical therapy and cognitive behavioral therapy are also
indicated for chronic lumbosacral spinal pain.

Use of long-term opiate therapy for back pain remains con-
troversial. Evidence does exist for efficacy and improved func-
tion in chronic noncancer pain; however, there is also evidence
of difficulties with chronic opiate therapy, including addiction,
hyperalgesia, and hormonal imbalance.

Surgery is sometimes indicated for painful disorders of the
lumbosacral spine. The patient must be healthy enough oth-
erwise to undergo surgery. Surgical indications include cauda
equina syndrome, progressive or severe motor deficit, or per-
sistent motor deficit that does not improve after 6 weeks of
conservative treatment. Reflex or sensory abnormalities are not
indications for surgery. Severe, intractable radicular pain may
also be an indication for surgery.

Conclusion
Lumbosacral spinal pain is one of the most common and costly
medical problems in the world. Most episodes, however, will
resolve without treatment within 6 weeks. A specific anatomic
source of pain is often not found in individual cases. For chronic
painful disorders of the lumbar spine, good evidence exists for
multidisciplinary comprehensive treatment, including activity
and physical therapy, psychological treatments, medications,
and interventional techniques.
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Chapter

151 Complex regional pain syndrome
Omid Ghalambor

Complex regional pain syndrome (CRPS) refers to a group of
pain conditions that are characterized by continuous, intense
neuropathic pain out of proportion to the severity of the injury.
Typical features include burning pain and dramatic changes in
the color and temperature of the skin over the affected limb
or body part, accompanied by hyperesthesia, hyperhydrosis,
edema, and, rarely, ulceration (see Fig. 151.1). Early in the
course of the syndrome, the skin may be warm and erythema-
tous. As the process becomes chronic, the involved extremity is
usually cool and pale or cyanotic. Dystrophic changes manifest
as bone demineralization, and skin in the affected area becomes
smooth and glossy. Joints in the affected extremity become stiff
and painful.The exact etiology of CRPS is yet to be determined.
In some cases, the sympathetic nervous system seems to play an
important role in sustaining the pain. Several pathophysiologic
concepts have been proposed to explain the complex symptoms
of CRPS: (1) facilitated neurogenic inflammation; (2) patho-
logic sympatho-afferent coupling; and (3) neuroplastic changes
within the central nervous system (CNS). Furthermore, there is
accumulating evidence that genetic factors may predispose for
CRPS. Another theory postulates that CRPS is caused by a trig-
gering of the immune response, which leads to the character-
istic inflammatory symptoms of redness, warmth, and swelling
in the affected area.

CRPS is classified into two types: CRPS type I (formerly
referred to as reflex sympathetic dystrophy [RSD]) includes
cases in which the nerve injury cannot be immediately iden-
tified, and CRPS type II (formerly referred to as causalgia) in
which a distinct major nerve injury has occurred. Generally,
CRPS type II providesmore objective evidence of disease due to
neurologic changes (numbness and weakness). Because there is
no single laboratory test to diagnose CRPS, an arbitrary set of
criteria has been suggested to establish the diagnosis.

Criteria for diagnosing CRPS
1. The presence of an initiating noxious event, or a cause of

immobilization in CRPS type I or signs of major nerve
damage in CRPS type II

2. Continuing pain, allodynia, or hyperalgesia with which the
pain is disproportionate to any inciting event

3. Evidence at some time of edema, changes in skin blood
flow (skin color changes, skin temperature changes more

than 1.1◦C different from the homologous body part), or
abnormal sudomotor activity in the region of the pain

4. Change in tissue growth; atrophy or dystrophy

The diagnosis is excluded by the existence of conditions that
would otherwise account for the degree of pain and dys-
function.

Patients do not need tomeet all of these criteria for the diag-
nosis. Also, one should remember that many of these symp-
toms, especially the temperature differences, are not static. The
involved body regionmay be hotter or colder than the contralat-
eral region. Moreover, in any one patient, the same region may
fluctuate from hot to cold. The skin temperature can undergo
dynamic changes in a relatively short period of time (within
minutes), depending critically on room temperature, local tem-
perature of the skin, and emotional stress. In some cases, the

Figure 151.1. Hand exhibiting features of CPRS, including significant focal
skin changes and contractures from disuse.
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differences in temperatures may fluctuate spontaneously even
without any apparent provocation.

Historically, CRPS type I had been described to have three
phases. The staging system is now abandoned because many
patients do not follow the described phases. In fact, only
a minority of patients have symptoms and signs of trophic
changes corresponding to the described stage III of the disease.

There is a natural tendency to rush to the diagnosis of CRPS
with minimal objective findings, although early diagnosis is
critical. If undiagnosed and untreated, CRPS can spread to all
extremities, making the rehabilitation process a much more
difficult one. It seems that the speed with which therapy is
commenced after the precipitating event or onset of symptoms
determines the outcome of the disease. If untreated, CRPS can
lead to permanent deformities and chronic pain.

Treatment
As with all pain conditions, an interdisciplinary approach
has the most chance for success. The key disciplines needed
for the management of CRPS include pharmacotherapy, psy-
chotherapy, interventions, and physiotherapy. The cornerstone
in the treatment of CRPS is normal use of the affected part as
much as possible. Therefore, all other modalities of therapy are
employed to facilitate movement of the affected region of the
body.

Medications
Pulse doses of corticosteroids for 2 weeks have been reported to
be beneficial in CRPS type I patients. For constant pain associ-
ated with inflammation, nonsteroidal anti-inflammatory drugs
(NSAIDs), such as ibuprofen, may prove beneficial. For con-
stant pain not caused by inflammation, centrally acting med-
ications by an atypical mechanism, such as tramadol, could be
used. Tricyclic antidepressants, such as amitriptyline and nor-
triptyline, have been tried with some success. Anticonvulsants
(in particular, gabapentin) have been shown to provide good
results for controlling the pain symptoms of CRPS patients and
are becomingmore andmore popular given excellent safety and
side-effect profile. Intranasal or intramuscular calcitonin, intra-
venous (IV) bisphosphonates, as well as free-radical scavengers
(dimethyl sulfoxide or acetylcysteine) have been reported to
successfully reduce symptoms. In patients determined to have
sympatheticallymaintained pain (SMP), clonidine patches have
shown some benefit. Oral lidocaine (mexiletine) has proven
to be beneficial in patients in whom IV lidocaine infusions
have helped. For muscle cramps (spasms and dystonia) in
the involved extremity, muscle relaxants, such as clonazepam
and baclofen, are useful. Recently, promising results have been
described using ketamine andmidazolam in anesthetic doses in
severe spreading and refractory CRPS cases.

Psychotherapy
The psychiatrist’s role is to identify comorbid psychiatric con-
ditions, such as depression, posttraumatic stress disorder, and

anxiety disorder, and to treat them if needed.Moreover, psycho-
logical treatment approaches include cognitive behavioral tech-
niques and supportive psychotherapy, with the goal of teaching
the patient chronic pain coping skills, biofeedback, and relax-
ation techniques.

Interventions
For patients who are significantly impaired in their ability to
mobilize their extremity, it is important to offer the patient the
opportunity to determine the contribution of their sympathetic
nervous system to their pain. This determination can be made
by a sympathetic nerve block to the affected extremity. Future
therapeutic options for the patient will depend on whether the
pain is determined to be SMP or sympathetically independent
pain (SIP). A patient with CRPS who reports pain relief after
a sympathetic block is defined to have SMP. Published reports
suggest that the best response to sympathetic blocks will occur
if the blocks are given as soon as possible during the course of
the disease. Blockade of the sympathetic nervous system is per-
formed at the level of the stellate ganglion for upper extrem-
ity involvement or at the level of lumbar sympathetic chain for
lower extremity involvement. The pain relief following sympa-
thetic nerve block (SNB) generally outlasts the effects of the
local anesthetics and, in the case of the SMP group, may be long
lasting.

IV regional anesthetic (IVRA) blocks in the affected extrem-
ity have been performed using guanethidine, lidocaine, cloni-
dine, droperidol, bretylium, and reserpine, with the first two
being more extensively studied.

Neurostimulation
Spinal cord stimulation (SCS) has been shown to be effective in
reducing pain and improving the function and quality of life in
patients with CRPS in the upper extremities.This option should
be considered when alternative therapies have failed.

Physiotherapy
The primary goal of physiotherapy is the restoration of func-
tion through activity. Interventions include passive and active
assisted range-of-motion work and strengthening exercises
aiming to improve motor control as well as to build functional
tolerance to activities such as standing, sitting, walking (in cases
of lower extremity involvement), andweight-bearing (for upper
extremities).
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Chapter

152 Cancer pain
Assia Valovska and Robert J. Klickovich

Introduction
According to the American Society of Anesthesiologists (ASA)
Task Force, cancer pain is defined as “pain that is attributable
to cancer or its therapy.” Cancer is the cause of approximately
10% of deaths globally and 20% of deaths nationally. Each year
several thousands of patients suffer from cancer pain, includ-
ing 25% of patients in active treatment and 90% of those with
advanced disease. Although cancer pain can be relieved, sur-
veys have shown that pain is often undertreated in as many as
50% of patients. Barriers to adequate treatment of cancer pain
include underreporting by patients and family members, lack
of provider knowledge regarding current treatment standards,
inadequate assessment of the patient by health care providers,
fear of prosecution by federal and state agencies for the pre-
scription of opioids, lack of accountability regarding failure
to control pain, and inadequate reimbursement or excessive
paperwork required by payers for the treatment of pain by
health care providers. The World Health Organization (WHO)
and other governmental agencies have recognized the impor-
tance of pain management as part of routine cancer care.

Etiology and pathophysiology
Cancer pain may occur in different parts of the body. There are
three types of pain, depending on where in the body the pain is
felt:

1. Somatic pain is caused by the activation of pain receptors
in either the cutaneous (body surface) or deep tissues
(musculoskeletal tissues) and could be caused by metastasis
in the bone (an example of deep somatic pain) or involve
postsurgical pain from a surgical incision (an example of
surface pain). It is usually sharp and well localized.

2. Visceral pain is caused by activation of pain receptors from
infiltration, compression, extension, or stretching of the
thoracic (chest), abdominal, or pelvic viscera. Visceral pain
is not well localized and is usually described as
pressure-like, deep, squeezing.

3. Neuropathic pain is caused by injury to the nervous system
as a result of either a tumor compressing nerves or the
spinal cord or cancer actually infiltrating the nerves or
spinal cord. It also results from chemical damage to the
nervous system that may be caused by cancer treatment

(chemotherapy, radiation, surgery). This type of pain is
severe and usually described as burning or tingling.
Tumors that lie close to neural structures are believed to
cause the most severe pain that cancer patients feel.

Somatic, visceral, andneuropathic pain can occur separately
or together and can be felt at the same time or at different times.
Somatic and visceral pains are easier to manage than neuro-
pathic pain.

Cancer pain can be acute or chronic. Acute cancer pain is
caused by nociceptor stimulation from actual damage to tis-
sues. It is arbitrarily defined as lasting from the time of insult
to the tissues to about 3 months. It can occur intermittently
(episodic or intermittent pain) or constantly. Chronic cancer
pain is defined as pain lasting for more than 3 months. It is
much more subjective and not as easily described as acute
pain. According to the American Cancer Society, chronic can-
cer pain may involve persistent (constant and sustained) pain
or breakthrough pain. Breakthrough pain is a brief superim-
posed episode of severe pain that occurs while the patient is reg-
ularly taking pain medication. It usually comes on quickly and
lasts from a few minutes to an hour. Many patients experience
a number of episodes of breakthrough pain each day.

Cancer pain can be also categorized into three basic sub-
types:

1. Pain associated with the tumor: bone lesions, metastases,
local infiltration, hollow viscera obstruction, organ capsule
distension, mono- and polyneuropathies, leptomeningeal
metastases, cauda equina syndrome, and paraneoplastic
syndrome;

2. Pain associated with the therapy: postradiation enteritis,
radiation fibrosis, osteoradionecrosis, cystitis;
chemotherapy and posthormonal related arthralgia,
myalgia, avascular necrosis, chronic abdominal pain,
mucositis, neuropathy; postsurgical phantom limb pain,
posthoracotomy pain; and

3. Pain not specifically related to the malignancy: preexisting
chronic pain problem; headaches, muscles strains, other
aches and pains associated with arthritis, kidney stones
(these conditions can normally be treated along with
cancer pain).
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Figure 152.1. Universal pain assessment tool. Reproduced with permission, Mosby press.

Assessment and evaluation
The following items are essential to the initial assessment:
detailed history of the pain, physical examination, including
a complete neurologic examination, diagnostic testing, and
development of a management plan.

The patient history should include information about the
premorbid chronic pain, drug or alcohol use, medications, can-
cer diagnosis, staging of the tumor, progression of malignancy,
and specific characteristics of treatments. Evaluation of can-
cer pain involves many features: duration of the pain (acute
vs. chronic), intensity of the pain (mild, moderate, or severe),
quality of the pain (neuropathic, nociceptive, or mixed), and
temporal pattern (continuous, breakthrough, or both); initi-
ating factors (pain related to posture, position, or activity);
radiation; previous therapy; and associated psychological and
emotional components. If there is more than one pain com-
plaint, each source of pain should be considered independently.
The intensity of the pain should be determined. Common forms
of measurement include facial expression scale (Fig. 152.1) or
linear analog scale from 0 to 10 in which 0 is no pain and 10 is
the worst pain level imaginable. Scales may be verbal or written
(which can be colors, numbers, or lines).

Patients who identify themselves as having pain should
thereafter be evaluated with a more thorough assessment, such
as the Brief Pain Inventory. A psychosocial evaluation is neces-
sary, including the patient’s as well as the family’s objectives in
treatment of pain as well as cancer.

Comprehensive physical examination should include
weight, vital signs, determination of nutritional status, thor-
ough examination of the site of pain and referring sites,
complete musculoskeletal and neurologic examination, and
auscultation of heart and lungs. Provocative bedside maneu-
vers reproducing pain help to better identify the pain-sensitive
structure and should be a routine part of the comprehensive
assessment of cancer pain patients. Patients should also be
evaluated for associated physical symptoms, such as fatigue,
constipation, and changes in mood.

The data obtained from the history and physical exami-
nation may prompt further diagnostic workup to exclude the
presence of medical emergencies requiring rapid specialist con-

sultation and intervention. Diagnostic testing should be used
only when it will contribute to the treatment of the patient
or confirm a suspected diagnosis. Plain films and CT should
be used to determine fracture or visceral pathology. Radionu-
cleotide studies will reveal changes in bone growth or destruc-
tion of bone. MRI should be used for the evaluation of soft
tissue changes. The amount of the diagnostic testing should be
decreased or eliminated with progression of disease, especially
in terminally ill patients.

Formulating a plan of care is essential, including a substi-
tute plan in case of resistant pain. Discussion with the patient is
essential, and the patient may need assurance that the first plan
is not the only option available.

Management
Treatment goals for cancer pain patients should be geared
toward cure or prolonging life, maintaining function, and pro-
viding comfort.They should include inhibition of the transmis-
sion of pain as well as modulation of the patient’s perception
of pain. Although it has been suggested that more than 85%
to 95% of cancer patients can be treated by the use of appro-
priate pharmacologic and anticancer therapy, some patients
require invasive interventions to relieve their pain or to assist
in the management of their pain when the secondary effects
of the opioids are so significant as to compromise the cancer
patient’s quality of life. Frequent reevaluation of the patient is
required.

Pharmacologic management
There are a number of suggested algorithms for pharmacologic
treatment of cancer pain.The best known of these is theWHO’s
three-step analgesic ladder and the four-stepmodified analgesic
ladder. The WHO’s analgesic ladder provides adequate analge-
sia in the majority of cases.

1. Step one – mild pain: nonopioid analgesics including
nonsteroidal anti-inflammatory drugs (NSAIDS) +/−
adjuvant therapy, such as anticonvulsants and
acetaminophen
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Interventional
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Figure 152.2. Modified analgesic ladder for cancer pain, including interven-
tional management. Adapted from World Health Organization. World Health
Organ Tech Rep Ser 1990; 804:1–73; Miguel R. Cancer Control 2000; 7:149–156;
and Krames E. Med Clin North Am 1999; 83:787–808.

2. Step two – mild to moderate pain: opioids +/− nonopioid
analgesics and adjuvant therapy

3. Step three – moderate to severe pain: strong opioids, such
as long acting opioids, in addition to short-acting opioids
+/− adjuvant therapy

4. Severe to intractable pain/failure-to-treat persistent pain
with increasing doses of opioids warrants interventional
therapies as mentioned in the modified analgesic ladder
(Fig. 152.2).

Medication management in cancer pain uses all the drug
classes including nonopioid, opioid, and adjuvant medications.
The doses required are much higher, and the side-effects profile
seen is more severe. Breakthrough medications should be fast
acting.

Adverse effects management
Side-effect management is an integral part of any cancer pain
treatment regimen and requires a proactive approach. Patient
education should be implemented to decrease apprehension
about the use of opioids and clear concerns regarding issues of
addiction, dependence, tolerance, and pseudoaddiction. Reas-
surance should be used to decrease underreporting of pain.
Goals should include reduction of pain to tolerable levels, titra-
tion of dose to effect, and use of the minimum amount of med-
ication required to achieve analgesic goals without significant
side effects.

Nausea is the most common side effect, affecting approxi-
mately one third of patients. In most cases, nausea is mild or
resolves spontaneously, but in a small number of patients it may
become unremitting, and failure to manage it may limit the
patient’s use of the most effective form of treatment. Evaluation
of nausea in the cancer patient on opioids should begin with
review of the bowel function.Many factors can be considered as
a cause of nausea including opioid therapy, bowel obstruction
from disease progression or increase in the intracranial pres-
sure from tumor growth. Chemotherapy and radiotherapy fre-
quently lead to nausea. Treatment of nausea should be based
on the associated symptom reported by the patient. Alterna-
tives include phenothiazines, serotonin antagonists, or atypical
antipsychotics. Other options include intestinal motility agents,
antivertiginous agents, and oral dexamethasone. In patients
who develop anorexia secondary to opioids, one should con-
sider hormonal therapy, such as dronabinol, megestrol acetate,
corticosteroids, or anabolic steroids. Patients should also be
evaluated for mood disorders.

Opioid-induced constipation is the second most common
side effect of opioid therapy. Treatment of constipation should
be started prophylactically with the initiation of opioid therapy.
Stool softeners, strong laxatives, anddietary adjustments should
be implemented to ensure regular bowel habits. Orally admin-
istered naloxone, a pure opioid antagonist, improves idiopathic
constipation. Opioid agonist–antagonists exhibit a lower fre-
quency of constipation than do the pure agonists.

Opioid therapy can cause a wide range of effects on the
central nervous system (CNS). Patients may exhibit drowsi-
ness, confusion, dysphoria, or euphoria. Sedation could be
minimized by decreasing the dosage, changing the medica-
tion, slow dose titration, and using psychostimulants such as
methylphenidate and methylphenidate modafinil.

The excitatory effects on the CNSmay present with hyperal-
gesia, myoclonus, or seizures. Opioid-induced hyperalgesia was
recognized as an emerging side effect of opioid therapy. Patients
experiencing hyperalgesia complain of pain out of proportion
to physical findings, which is a common cause for loss of effi-
cacy of these medications over time. As it can be difficult to dis-
tinguish from tolerance, opioid-induced hyperalgesia is often
compensated for by escalating the dose of opioid, potentially
worsening the problem by further increasing sensitivity to pain.
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It may develop in response to both chronic and acute exposure
to opioids.This side effect can be severe enough to warrant dis-
continuation of opioid treatment.

Chronic opioid use may lead to the development of toler-
ance to the analgesic effect.The patient becomes less susceptible
to the effect of the opioid as a consequence of its prior adminis-
tration. Tolerance to one opioid, however, does not lead to tol-
erance to an equianalgesic dose of another opioid. Due to this
concept of “incomplete cross tolerance,” it is necessary to
decrease the equianalgesic dose of a drug in a näıve patient by
30% to 50%.

Physical dependence is the term used to describe the phe-
nomenon of withdrawal when an opioid is abruptly discontin-
ued or an opioid antagonist is administered. Both tolerance and
physical dependence are predictable pharmacologic effects seen
in response to repeated administration of an opioid and can
be easily managed after being identified. These effects are dis-
tinct from psychological dependence or addiction. Psycholog-
ical dependence describes a pattern of drug use characterized
by a continued craving for an opioid, manifested as compulsive,
drug-seeking behavior and overwhelming involvement in drug
procurement and use.

Pseudoaddiction is a term describing behavior that appears
to be drug-seeking in a patient who has been undertreated or in
whom the disease has progressed. Such behavior should prompt
review of the therapeutic plan or further investigation of the
disease.

Less common side effects of opioid therapy include uri-
nary retention, respiratory depression, pruritus, and miosis.
Whereas tolerance to nausea, vomiting, sedation, euphoria, and
respiratory depression occur rapidly, there is minimal develop-
ment of tolerance to constipation and miosis.

Palliative therapy
The use of external beam radiation therapy in the treatment
of painful metastasis is particularly important. Radiation for
bone pain, pain secondary to apical lung mass, and so forth,
can lead to a quick and lasting pain relief.Therapeutic radionu-
clides, such as strontium-89 chloride and samarium-153-
ethylenediaminetetramethylene phosphonic acid (EDTMP),
are useful in patients with multiple bony metastases, such as
those in breast cancer. The agents are picked and concentrated
within the bone. They exhibit little toxicity except mild seda-
tion. The expected effects occur within a week and can be used
to supplement external beam radiation.They alsomight prevent
formation of new metastases.

Chemotherapy reduces the size of the targeted tumors
and can be helpful with pain due to compression, stretching,
or ischemia. Bisphosphonates are helpful as analgesics. These
drugs bind to the hydroxyapatite crystals within bone and
inhibit osteoclastic activity. Prospective randomized studies in
patients with myeloma and metastatic breast cancer show that
bisphosphonates improve pain and reducemorbidity secondary
to bony pathology.

Interventional therapies
If pharmacotherapy for pain associated with malignancy is
inadequate or is found to cause intolerable secondary effects,
interventional techniques should be considered. These modali-
ties include antitumor therapy, neural blockade with or without
neurolytic drugs, CNS opioid therapy, electrical stimulation, or
surgery.

Local anesthetic blocks can be used for diagnostic, prognos-
tic, or therapeutic purposes. A diagnostic nerve block can help
to determine which anatomic structure is responsible for gener-
ation and transmission of the pain and to distinguish between
somatic, visceral, sympathetic, and central pain. The effects
from the block should be carefully analyzed, and the results
used to determine the potential for more permanent ablative
procedure. A diagnostic block should always precede an abla-
tive block. Such a trial block will enable the patient to be aware
of the effect and possible side effects of the block and also will
identify any neurologic deficits that may be intolerable to the
patient.

Therapeutic blocks are often administered to treat pain
caused by tumor compression of nerve structures; neuropathies
and neuralgias from direct nerve damage such as postthoraco-
tomy pain or post-herpetic neuralgias; and trigger points from
muscle spasm.

Neurolytic blocks involve injection of a destructive sub-
stance close to a spinal or peripheral somatic nerve and the sym-
pathetic nervous system. It may be beneficial for targeted areas
of pain, such as head and neck cancer, pancreatic cancer, pelvic
malignancies, and pain related to the perineum.

The most common neurolytic agents used are alcohol and
phenol. They both produce equal effects. Alcohol causes severe
pain on injection that may be alleviated by pretreatment with
local anesthetic. A phenol injection is better tolerated and
causes almost immediate sensation of numbness and pain relief.

Specific applications
Neurolytic sympathetic blocks can be helpful in controlling
pain that is either visceral or dysesthetic (causalgic) in origin.
Visceral pain occurs when sympathetic nerves or visceral struc-
tures are stretched, traumatized, or invaded by the cancer. The
patient complains of dull, burning pain that is poorly local-
ized. Referred pain can occur (e.g., shoulder pain from tumor
invasion of the diaphragm). In some cases, the causalgia can
respond to a blockade alone, but in others ablation of involved
ganglia or surgical rhizotomy may be necessary.

The various other ganglion blocks include the stellate gan-
glion block, celiac plexus block, hypogastric plexus block, and
ganglion impar block. These blocks are described in detail in
other chapters.

Chest and abdominal wall pain can be treated with neu-
rolytic intercostal nerve block. The intercostal nerves provide
sensory innervation to the skin of the chest and abdomen
anterolaterally. They travel in the inferior part of the ribs pos-
terior to the intercostal artery. Subcostal nerve comes from the
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ventral ramus of T12 and is equivalent to the intercostal nerve
at the above levels. For diagnostic block, 1 to 2 ml of bupi-
vacaine 0.25% to 0.5% is injected. For neurolytic block, 4 to
5 ml of phenol 10% can be injected. Alcohol should be avoided
because of the risk of intercostal neuritis after the block. Most
clinicians now favor the use of radiofrequency lesion of the
intercostal nerves instead of injecting neurolytic medications.
Common complications include pneumothorax and potential
local anesthetic toxicity. Postprocedural intercostal neuropathy
may occur, which can be treated with a transcutaneous electri-
cal nerve stimulation (TENS) unit, transdermal lidocaine patch,
or neuropathic medication.

Subarachnoid neurolytic block is suitable for patients who
have significant cancer pain that is not controlled by any other
modalities. The pain should be localized into few sensory seg-
ments of the spinal cord. The main goal of the block is selec-
tive destruction of the corresponding dorsal root ganglia. This
destruction is accomplished by positioning the patient in a way
that permits the neurolytic material (either hypo- or hyper-
baric) to remain localized in the dorsal surface of the spinal
cord. Extremely important for the lower thoracic and lumbar
neurolysis is the fact that thoracic and lumbar nerves leave the
spinal cord at a higher level than the exiting neural foram-
ina. For example, pain at the level of T9 nerve distribution
requires neurolysis at T6, T7, and T8 levels. The usual dose
of either agent is 0.6 ml and is injected within 80 to 90 sec-
onds for each level. Complete neurologic examination before
and after the block is mandatory to evaluate any neurologic
deficits. Common side effects include temporary or permanent
weakness of the urinary or rectal sphincters. Postdural puncture
headache may occur and is most common in younger patients.
Radiofrequency lesioning is the application of electrical cur-
rent to achieve coagulation of proteins and nerve destruction.
It is used to ablate pain pathways in the trigeminal ganglion,
spinal cord, dorsal root entry zone, dorsal root ganglion, sym-
pathetic chain, facet joints, and peripheral nerves. Because it
causes nerve destruction, this technique is used only as an end-
of-the-line therapeutic modality when other measures have
failed. Fluoroscopic guidance is a requirement for proper needle
placement. Common complications include pneumothorax,
postlesioning neuritis, motor paralysis, numbness, and incom-
plete pain relief.

Neuraxial opioid therapy is often effective for treating
cancer pain that has not been adequately controlled by sys-
temic treatment. The close proximity of the opioid receptors in
the spinal cord to the injected neuraxial opioids ensures
maximum effect with small doses of medication. The
preservative-free drug can be delivered via epidural, intrathe-
cal, or intraventricular approach. Opioids can be used alone or
in combination with local anesthetics, α-adrenergic agents, or
baclofen to achieve synergistic effect and optimal pain relief.
The intraventricular approach is used infrequently for neck
and head cancer pain.

A tunneled epidural catheter can be placed at any level in
the lumbar, thoracic, or cervical level. The indications include

cancer pain anywhere from the neck to the lower extremities
and a life expectancy of 3 to 6 months or less. This technique
is more advantageous than the nontunneled epidural catheter
because of the low incidence of infections. A tunneled epidural
catheter can be either a simple, one-piece catheter or consist of
two pieces with a Dacron cuff and antibiotic cuff. Administra-
tion of epidural medications can be accomplished by continu-
ous infusion via a standard portable infusion pump connected
to a port. Patient-controlled epidural analgesia (PCEA) allows
delivery of intermittent boluses by the patient or the family and
thus some degree of control over the pain management.

Intrathecal delivery of opioids into the CNS has certain
advantages over epidural catheters. The doses of medications
needed are significantly lower; opioid requirements are approx-
imately 10% of those for epidural administration.The intrathe-
cal drugs act quicker and last longer. Patients experience fewer
side effects due to decreased systemic absorption. Implantable
intrathecal pumps are considered for patients whose pain
becomes increasingly more difficult to manage, who experi-
ence significant side effects with increasing doses of enteral
and parenteral medications, who cannot tolerate large doses of
epidural infusions, and whose life expectancy is longer than 6
months. Morphine is the only opioid approved for intrathecal
use by the US Food and Drug Administration (FDA) for treat-
ment of chronic and cancer pain. Other opioids have been used,
such as hydromorphone, fentanyl, and sufentanil. The most
commonnonopioidmedications used are clonidine, ziconotide,
bupivacaine, and baclofen. Usually one or more of these drugs
are added to opioids in the intrathecal delivery system. The
infusion regimen is individualized, based on the results from
the patient’s pain assessment and oral or intravenous opioid
requirements. Several companies produce intrathecal pumps.
Codman’s model 400 (Raynham, MA) is a nonprogrammable,
constant-flow infusion pump. Medtronic’s Isomed and Syn-
chromed II (Minneapolis, MN) allow the physician to change
the daily rate (mg/d), including options of single bolus, timed-
specific boluses, or a complex continuous delivery of drug.
Changing the rate is easily performed with a programmer. The
implanted pumps require infrequent drug refills.

Surgery
Finally, in some cases, it may be appropriate to perform neuro-
surgical destructive procedures. Examples include anterolat-
eral cordotomy, stereotactic mesencephalotomy, and midline
myelotomy.

Conclusion
Despite the multiple options available for the management of
cancer pain, many patients are undertreated or suffer limiting
secondary effects. Pain may result from the primary disease
process, secondary to treatment, or from sources unrelated to
malignancy.

Secondary effects of opioids should be anticipated in all
patients and screened for in each encounter as they may affect a
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patient’s ability to use opioids. Opioids are themainstay of treat-
ment for cancer pain and should be used at any stage of the dis-
ease without concern for life expectancy.
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153 Cardiopulmonary resuscitation
Samuel M. Galvagno Jr.

Introduction
In 2010, the American Heart Association (AHA) revised guide-
lines for cardiopulmonary resuscitation (CPR) and emer-
gency cardiovascular care (ECC). Employing an evidence-based
approach, these guidelines are based on the best available sci-
entific evidence and were the result of an international col-
laboration amongst resuscitation experts. Several changes were
made to simplify CPR instructions and ECC algorithms and
to emphasize critical, evidence-based assessments and inter-
ventions recommended for cardiac arrest or other life threat-
ening conditions. A thorough discussion of topics covered in
courses such as advanced cardiac life support (ACLS), pedi-
atric advanced life support (PALS), or the Neonatal Resuscita-
tion Program (NRP) is beyond the scope of this chapter. An
introduction to the essential guidelines for CPR and ECC is
presented with an emphasis on critical actions that are most
likely to be used within the operating room or intensive care
unit.

Basic life support (CPR)
The 2010 guidelines recommend a “Circulation-Airway-
Breathing” approach (“C-A-B”) as opposed to the classically
taught “Airway-Breathing-Circulation” sequence. Fig. 153.1
depicts the sequence of steps to be followed for an unresponsive
adult patient.

For all single rescuers of infant, child, and adult victims
(excluding newborns), a universal compressing-ventilation
ratio of 30:2 is recommended. This ratio may be altered to
15 compressions to 2 breaths for infant and child 2-rescuer
CPR. Rescuers should “push hard and fast,” compressing the
chest at least 100 times a minute, while allowing complete chest
recoil between compressions and minimizing interruptions.
Incomplete recoil during compressions is associated with high
intrathoracic pressures and impaired hemodynamics, includ-
ing decreased coronary perfusion, decreased cardiac index, and
decreased myocardial blood flow. Layperson bystanders not
trained in CPR should provide “hands only” CPR. A summary
of basic life support maneuvers for infants, children, and adults
is presented in Table 153.1.

It should be noted that, after an advanced airway is secured,
rescue breaths for adults, children, and infants should be

delivered at a rate of approximately 8 to 10 breaths per minute.
Hyperventilation during CPR for victims with advanced air-
ways has been shown to decrease cardiac output, decrease coro-
nary perfusion pressure, increase gastric inflation, and worsen
outcomes. When an advanced airway is placed, chest compres-
sions should not be interrupted to deliver ventilations. Dur-
ing CPR, cardiac output may be reduced to 25% of normal;
hence, lowerminute ventilation canmaintain effective oxygena-
tion and ventilation. Tidal volumes of 500 to 600ml (6–7ml/kg)
are recommended, and an effective way to ensure adequate tidal
volume is to produce a visible chest rise. Vigilance is required
during bag-mask ventilation as adult ventilating bags typically
contain volumes of 1 to 2 liters. There is inadequate evidence
to define the optimal timing of advanced airway placement in
relation to other interventions for cardiac arrest. Some studies
have shown that patients had better neurologic outcomes after
cardiac arrest when intubation was delayed and combined with
minimally interrupted chest compressions.

Sudden cardiac death is a leading cause of death in North
America, and most victims demonstrate ventricular fibrillation
(VF) at some point during their arrest. Early defibrillation is
most likely to be effective if delivered during the first 5 min-
utes of collapse; however, many patients will not be defibril-
lated within this narrow therapeutic window. CPR performed
immediately before and after shock delivery after VF-induced
collapse has been shown to confer a nearly threefold improved
chance of survival. Consequently, the 2010 guidelines continue
to strongly emphasize the proper performance of CPR for vic-
tims of cardiac arrest.

Electrical therapies
Survival rates forVF are highest whenCPR is initiated promptly
with defibrillation within 3 to 5 minutes. For every minute that
passes between witnessed VF cardiac arrest and defibrillation,
survival rates decrease by approximately 10%; whenCPR is pro-
vided, the decrease is less rapid and averages approximately 4%
per minute from collapse to defibrillation. Whereas CPR may
maintain minimal oxygen and substrate delivery to the heart
and brain, basic CPR, by itself, is not likely to eliminate VF.

Defibrillation is defined as termination of VF for at least
5 seconds following a monophasic or biphasic electrical shock.
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Asystole/PEA

Go to 5 or 7

•If no signs of return of spontaneous
  circulation (ROSC), go to 10 or 11
•If ROSC, go to Post-Cardiac Arrest Care

VF/VT

Rhythm
shockable?

•Give oxygen
•Attach monitor/defibrillator

•IV/IO access

Start CPR

CPR 2 min.

•Epinephrine every 3-5 min
•Consider advanced airway,
  capnography

CPR 2 min. •IV/IO access
•Epinephrine every 3-5 min
•Consider advanced airway,
  capnography

CPR 2 min.

•Amiodarone
•Treat reversible causes

CPR 2 min.
•Treat reversible causes

CPR 2 min.
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Shout for help/activate emergency response

Adult Cardiac Arrest
Doses/Details

CPR Quality
• Push hard (? 2 inches [5 cm])  
 and fast (? 100/min) and allow  
 complete chest recoil 
• Minimize interruptions in   
 compressions
• Avoid excessive ventilation
• Rotate compressor every 2 min
• If no advanced airway, 30:2
 compression-ventilation ratio
• Quantitative waveform   
 capnography
 –If PETCO2 < 10 mm Hg, attempt  
  to improve CPR quality
• Intra-arterial pressure
 –If relaxation phase (diastolic)
  pressure < 20 mm Hg, attempt
  to improve CPR quality
Return of Spontaneous 
Circulation (ROSC)
• Pulse and blood pressure
• Abrupt sustained increase in  
 PETCO2 (typically ? 40 mm Hg)
• Spontaneous arterial pressure  
 waves with intra-arterial   
 monitoring
Shock Energy
• Biphasic: Manufacturer   
 recommendation (e.g., initial  
 dose of 120-200 J); if unknown,  
 use maximum available.
 Second and subsequent doses 
 should be equivalent, and higher 
 doses may be considered.
• Monophasic: 360 J
Drug Therapy
• Epinephrine IV/IO dose:   
   1 mg every 3-5 min
• Vasopressin IV/IO dose:    
 40 units can replace first or   
 second dose of epinephrine
• Amiodarone IV/IO dose:
 First dose: 300 mg bolus
 Second dose: 150 mg
Advanced Airway
• Supraglottic advanced airway or  
 endotracheal intubation
• Waveform capnography to   
 confirm and monitor ET tube  
 placement
• 8-10 breaths per minute with  
 continuous chest compressions
Reversible Causes
• Hypovolemia
• Hypoxia
• Hydrogen ion (acidosis)
• Hypo-/hyperkalemia
• Hypothermia
• Tension pneumothorax
• Tamponade, cardiac
• Toxins
• Thrombosis, pulmonary
• Thrombosis, coronary

Figure 153.1. Adult Advanced Cardiovascular Life Support (ACLS) Cardiac Arrest Algorithm. Reprinted with permission. 2010 American Heart Association Guide-
lines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care, Part 8: Adult Advanced Cardiovascular Life Support. Circulation 2010; 122[suppl 3]:
S736, Figure 1. C©2010 American Heart Association, Inc.

Investigators have proposed different hypotheses regarding the
mechanism of action; however, the exact mechanism of effec-
tive defibrillation is unknown. Defibrillating shocks may cause
transient depolarization of myocardial tissue or prolong the
refractory period of the cardiac action potential. The ability
of an electrical shock to defibrillate the heart depends on its

waveform and energy. Cardioversion, as opposed to defibrilla-
tion, involves delivery of a shock synchronized with the QRS
complex.

Regardless of the timing, a defibrillation waveform des-
cribes the energy, or current, mathematically as a factor of
time. A monophasic waveform has a single positive phase that
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Table 153.1. Summary of key basic life support components for adults

Component Recommendation

Pulse check No more than 10 seconds, healthcare providers only (laypersons should not check
for a pulse)

CPR sequence C-A-B (Circulation/Chest Compressions-Airway-Breathing)
Compression rate 100 compressions/minute
Chest wall recoil Full chest wall recoil should be allowed between compressions
Compressor rotation interval Healthcare providers should rotate compressors every 2 minutes to avoid fatigue
Compression-to-ventilation ratio 30:2 (1 or 2 rescuers)
Ventilations (rescue breathing) 1 breath every 6-8 seconds (8-10 breaths/min)

1 second per breath
Visible chest rise should be observed
Asynchronous with chest compressions

either rapidly or gradually returns to zero voltage with cur-
rent flowing in the direction between defibrillation electrodes
(Fig. 153.2).

Biphasic waveforms have a positive and negative phase
reflecting a reversal of current flow between the defibrilla-
tion electrodes. Recent clinical trials have compared the use of
monophasic and biphasic shocks for external defibrillation, but
neither has been consistently associated with a higher rate of
return of spontaneous circulation or survival. Biphasic shocks
have shown a trend toward equivalent or higher success for
termination of VF and are now the standard waveform used
in most commercial defibrillators. Multiple prospective stud-
ies have failed to demonstrate the ideal biphasic energy level.
Current recommendations are to deliver the initial shock at
150 J for biphasic truncated waveforms. If the defibrillator is
designed to deliver a rectilinear biphasic waveform, 120 J can be
used. For subsequent shocks, the same or a higher energy level
can be used. Directions for selection of the appropriate energy
level are provided with each specific model of defibrillator. If
the type of defibrillator is unknown, current guidelines recom-
mend delivering the first shock at 200 J. Previous guidelines rec-
ommended three-shock initial sequences for VF, but because
the first shock is most likely to be the most effective, especially
when biphasic waveforms are used, the current recommenda-
tion is to deliver single shocks in between sequences of high-
quality CPR.

Defibrillator electrodes, including automated external
defibrillators (AEDs), should be placed in an anterolateral
(sternal–apical) position. If an implantable medical device is
present, the electrode pads should be positioned at least 1 inch

2

0

–2

kV

Biphasic Monophasic

Figure 153.2. Biphasic
and monophasic defibril-
lation waveforms.

(2.5 cm) away from the device. Pads should never be placed
over transdermal medication patches. Several case reports
of fires, ignited by defibrillator current arcing, have been
described in the presence of oxygen-rich environments, such
as the operating room or intensive care unit. Rescuers should
take precautions to minimize arcing by using self-adhering
defibrillation pads and byminimizing the flow of oxygen across
a patient’s chest during defibrillation attempts.

Pulseless cardiac arrest
The four most common lethal rhythms encountered during
cardiac arrest include VF, rapid ventricular tachycardia (VT),
pulseless electrical activity (PEA), and asystole.

The most critical intervention during the first minutes of
pulseless arrest is immediate CPR. Chest compression interrup-
tions should beminimized, and defibrillation should be accom-
plished as soon as possible. Central venous access for drug
administration is not required for most resuscitation attempts,
and, if access is identified as a problem, endotracheal adminis-
tration of drugs or intraosseous (IO) cannulation are reasonable
alternatives. IO cannulation is safe and effective for initial fluid
resuscitation, drug delivery, and blood sampling. IO access
is attainable in all age groups and is likely to be a better
route for emergency drug administration than the endotra-
cheal route because multiple studies have shown that lidocaine,
epinephrine, atropine, naloxone, and vasopressin are absorbed
poorlywith lower blood concentrations thanwould be expected
with intravenous (IV) administration.

The survival rate for cardiac arrest from asystole and PEA
is poor. A successful resuscitation in such cases is most likely
when a reversible cause can be identified and treated. As
opposed to treatment for VF and VT, defibrillation is not effec-
tive. CPR, with early establishment of an advanced airway,
remains the mainstay of treatment.

Despite the prolific use of vasopressor and antiarrhythmics
for ECC over the past several decades, to date, there is no
evidence that any of these agents increase the rate of
neurologically intact survival to hospital discharge. For all
lethal arrhythmias encountered during pulseless arrest, high-
quality CPR and defibrillation should be initiated before
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Table 153.2. Pharmacologic agents for use in pulseless arrest

Drug Initial dose Frequency Mechanism Comment

Epinephrine 1 mg IV/IO for adults (0.01 mg/
kg of 1:1000 for children or
0.1 mg/kg 1:10,000)

Every 3–5 min α- and β-adrenergic; increases
cerebral and myocardial perfusion

High-dose epinephrine is no
longer recommended

Vasopressin 40 Units IV/IO One-time dose only Nonadrenergic peripheral
vasoconstrictor

One dose may replace either first
or second dose of epinephrine

Atropine 1 mg IV/IO (0.02 mg/kg IV/IO
for children, minimum dose
0.1 mg)

Every 3–5 minutes; maximum
dose 3.0 mg for adults,
1.0 mg for children

Reversal of cholinergic-mediated
decreases in heart rate, systemic
vascular resistance, and blood
pressure

Only indicated in children with
bradycardia due to increased
vagal tone or primary AV block

Amiodarone 300 mg IV/IO for arrest
(5 mg/kg for children)

First dose can be followed by
150 mg

Sodium, potassium, calcium channel
blocker; α- and β-adrenergic
blocker

If successful, should be followed
with a continuous infusion

Lidocaine 1.5 mg/kg first dose IV/IO
(1 mg/kg for children)

1.0 mg/kg at 5- to 10-min
intervals to maximum dose
of 3 mg/kg

Sodium channel blocker No proven short-term or
long-term efficacy in cardiac
arrest

Magnesium 1–2 g IV/IO (50 mg/kg IV/IO,
maximum dose 2 g for
torsades in children)

Give in 10 ml of D5W over
5–10 min

Calcium channel blocker Effective for termination of
polymorphic VT (torsades de
pointes)

AV, atrioventricular; D5W, 5% dextrose in water.

pharmacotherapeutic therapy. CPR should not be interrupted
to give medications. Drugs can be administered before or
after defibrillation in a CPR-RHYTHM CHECK-CPR-SHOCK
sequence, repeated as needed. Epinephrine is the first drug of
choice in all instances of pulseless arrest. A summary of medi-
cations for cardiac arrest is provided in Table 153.2.

Interventions that are not supported by available evidence
include pacing in asystole, norepinephrine, and the precor-
dial thump. Procainamide was shown to be effective in a small
study of 20 patients, but its use is limited by the need for slow
infusion and limited evidence for effectiveness in emergent
situations.

Management of symptomatic bradycardia
and tachycardia
The management of symptomatic tachycardia and bradycardia
is discussed in Chapter 155. Figures 153.3 and 153.4 are the cur-
rent algorithms for symptomatic tachycardia and bradycardia
taught in ACLS.

Pediatric advanced life support
In children, sudden cardiac arrest is uncommon and usually
results from a respiratory rather than cardiac event. Impend-
ing respiratory failure is indicated by increased respiratory rate,
nasal flaring, retractions, gasping, diminished breath sounds, or
grunting. Shock is another cause of cardiac arrest in the pedi-
atric population with the most common cause being hypov-
olemia.The signs of compensated and decompensated shock in
pediatric patients are summarized in Table 153.3. Knowledge of
the signs of shock and imminent respiratory failure is impera-
tive because early recognitionmay lead to interventions that can
prevent cardiac arrest in pediatric patients. Many of the signs of

shockmay be confusedwith other etiologies, such as pain, fever,
or anxiety.

Management of the pulseless arrest in the pediatric patient
is similar to management of adults insofar as prompt advanced
airway management and CPR remain the cornerstones of care
(Fig. 153.5).

Initial electrical shocks, when indicated, should be deliv-
ered with 2 J/kg. AEDs are preferred for patients 1 to 8 years of
age. Vasopressin is not indicated for pediatric patients. Possible
causes should be considered and treated (Table 153.4).

If an intubated pediatric patient’s condition deteriorates
precipitously, the mnemonic “DOPE” should be considered to
identify the most common culprits:

D – Displacement of the endotracheal tube
O – Obstruction of the tube
P – Pneumothorax
E – Equipment failure

During CPR, interruptions in chest compressions should
be minimized and hyperventilation should be avoided because
pediatric patients, like adults, tend to be overventilated dur-
ing resuscitation. For a complete review of PALS, it is
recommended that anesthesiologists who provide care for pedi-
atric patients take the course offered in conjunction with the
American Academy of Pediatrics and the AHA.

Neonatal resuscitation
Approximately 10% of newborns require some assistance with
breathing at birth, and 1% require formal resuscitation. Guide-
lines for neonatal resuscitation are provided in the NRP course
offered by the American Academy of Pediatrics. Initial manage-
ment of a neonatal resuscitation, as taught in the NRP, is out-
lined in Fig. 153.6.
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Figure 153.3. Adult Tachycardia (with pulse). Reprinted with permission. 2010 American Heart Association Guidelines for Cardiopulmonary Resuscitation
and Emergency Cardiovascular Care, Part 8: Adult Advanced Cardiovascular Life Support. Circulation 2010; 122[suppl 3]: S751, Figure 4. C©2010 American Heart
Association, Inc.
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Assess appropriateness
for clinical condition

≥0.12 second

Identify and treat
underlying cause

Persistent tachyarrhythmia
causing: Synchronized

cardioversion

Adult Tachycardia (with pulse)

Wide QRS?

Yes

Yes

No

No

• IV access and 12-lead ECG
if available

• Consider adenosine only if
regular and monomorphic

• Consider antiarrhythmic
infusion

• Consider expert consultation

• IV access and 12-lead ECG
if available

• Vagal maneuvers
• Adenosine (if regular)
• ß-blocker or calcium channel blocker
• Consider expert consultation

• Maintain patient airway, assist
breathing as necessary

• Oxygen (if hypoxemic) 
• Cardiac monitor to identify

rhythm; monitor blood pressure
and oximetry

• Hypotension?
• Acutely altered mental status?
• Signs of shock?
• Ischemic chest discomfort?
• Acute heart failure?

• Consider sedation
• If regular narrow complex,

consider adenosine

• Heart rate typically ≥ 150/min if
tachyarrhythmia

Doses/Details
Synchronized cardioversion
Initial recommended doses:
• Narrow regular: 50-100 J
• Narrow irregular: 120-200 J biphasic

or 200 J monophasic
• Wide regular: 100 J
• Wide irregular: defibrillation dose

(NOT synchronized)
Adenosine IV dose:
• First dose: 6 mg rapid IV push;

follow with NS flush
• Second dose: 12 mg if required

Antiarrhythmic Infusions for Stable 
Wide-QRS Tachycardia
Procainamide IV dose:
• 20-50 mg/min until arrhythmia

suppressed, hypotension ensues,
QRS duration increases >50%, or
maximum dose 17 mg/kg given.

• Maintenance infusion: 1-4 mg/min
• Avoid if prolonged QT or CHF
Amiodarone IV dose:
• First dose: 150 mg over 10 min
• Repeat as needed if VT recurs
• Follow by maintenance infusion of 

1 mg/min for first 6 hours
Sotalol IV dose:
• 100 mg (1.5 mg/kg) over 5 min
• Avoid if prolonged QT

Figure 153.4. Adult Bradycardia (with pulse).
Reprinted with permission. 2010 American Heart
Association Guidelines for Cardiopulmonary Resus-
citation and Emergency Cardiovascular Care, Part
8: Adult Advanced Cardiovascular Life Support.
Circulation 2010; 122[suppl 3]: S749, Figure 3. C©2010
American Heart Association, Inc.

Table 153.3. Compensated and decompensated shock

Compensated shock Decompensated shock

Tachycardia
Cool extremities
Prolonged capillary refill
Weak peripheral pulses
Normal blood pressure

Depressed mental status
Decreased urine output
Metabolic acidosis
Tachypnea
Weak central pulses
Systolic pressure:

<60 (0–28 d)
<70 in infants (1–12 mo)
<70+ (2 × age in years) in children 1–10 y
<90 in children over age 10

Table 153.4. Possible etiologies for pulseless arrest in both adult and
pediatric patients

6 “H’s” 5 “T’s”

Hypovolemia
Hypoxia
Hydrogen ion (acidosis)
Hypoglycemia
Hyper- or hypokalemia
Hypothermia

Toxins
Thrombosis (coronary or pulmonary)
Tension pneumothorax
Trauma
Tamponade, cardiac

Source: International Liaison Committee on Resuscitation. 2005 Interna-
tional Consensus on Cardiopulmonary Resuscitation and Emergency Cardio-
vascular Care Science with Treatment Recommendations. Part 4: Advanced
life support. Resuscitation 2005. 67:213–247.
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Figure 153.5. Pediatric pulseless arrest algorithm. Adapted from International Liaison Committee on Resuscitation. 2005 American Heart Association (AHA)
guidelines for cardiopulmonary resuscitation and emergency cardiovascular care of pediatric and neonatal patients: pediatric advanced life support. Pediatrics
2006; 117(5):1005–1028.
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Figure 153.6. Resuscitation algorithm for neonates. Adapted
from Katwinkel J. Neonatal Resuscitation Textbook, T1, American
Heart Assocation, 2006.
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Chapter

154 Multiorgan failure and its prevention
K. Annette Mizuguchi and Gyorgy Frendl

Introduction
As anesthesiologists, we are routinely asked to care for patients
with multiple and complex comorbidities. Few situations, how-
ever, can be more challenging than caring for patients with
multiorgan dysfunction.These patients are challenging because
they have acute functional changes and the potential to dete-
riorate dramatically. They also present with various combina-
tions of organ involvement and with varying degrees of severity
adding another layer of complexity to their management.

Definition of multiorgan dysfunction
syndrome and failure
Multiorgan dysfunction syndrome (MODS) and multiorgan
failure (MOF) aremost commonly seen in the context of critical
illness or injury that is often due to sepsis or trauma.Most com-
monly affected organs are the lungs, kidneys, liver, heart, brain,
and the hematopoietic system, but involvement of any organ
is possible, and the severity of dysfunction is variable. Unlike
other disease processes, organ dysfunction is not caused by a
direct disease process involving a particular organ (like infec-
tion or trauma); rather the patient’s diseased state is thought to
indirectly affect the organ.

Incidence, morbidity, andmortality
MOFdevelops in 15%of all hospital admissions and contributes
to up to 80% of all deaths. Patient survival is inversely related
to the number of failing organs involved (Table 154.1). When
three or more organs are involved, mortality reaches 50%. After
five organ systems are affected, mortality is �80%. Therefore,
preventing the development of MOD andMOF is desirable and
can significantly impact patient survival. Unfortunately, early
detection of organ dysfunction by clinical signs and symptoms
or by reliable biomarkers is not possible for all organs involved.
Early detection of cardiac injury, however, is now possible with
the use of troponin as a biomarker.

A MOD score of 5 through 8 is associated with 5% mortal-
ity, which increases to 30% with scores of 9 through 12 (Table
154.3). Mortality is further increased to 70% with scores of 13
through 16 and 91% for scores of 17 through 20. Certain com-
binations of organ dysfunction (i.e., pulmonary and hepatic

dysfunction or cardiac and hepatic dysfunction) carry a high
risk of early mortality (Table 154.3).

Dysfunction of key organs
Isolated organ dysfunction is rare. In general, patients with
MODS or MOF have combinations of involved organs. Key
organs and systems involved are noted in this section.

Lungs
Acute lung injury (ALI), withmoderate impairment of lung func-
tion, is defined as a PaO2/FiO2 ratio of � 300 ([SpO2/FiO2] ≤
315 if SpO2 ≤ 97%, where SpO2 is the oxygen saturation).
Severe lung injury is defined as a ratio of PaO2/FiO2 � 200 (or
SpO2/FiO2 ≤ 235 if SpO2 ≤ 97%), and it is also known as acute
respiratory distress syndrome (ARDS). A detailed discussion of
this disease state can be found in Chapter 159.

Cardiovascular
Cardiovascular dysfunction is associated with significantly
increased mortality. In mild cardiac dysfunction, elevation of
serum troponin is often seen without significant decrease in
pump function. In advanced cardiac dysfunction, however, an
often severe decrease in left ventricular (LV) pump function
(measured as decreased LV ejection fraction [LVEF]) is seen.

Vascular dysfunction manifests as hypotension, due to a
profound vasodilatory state that accompanies most forms of
MODS or MOF. The combined dysfunction of the cardiac and
vascular systems is often apparent as these patients frequently
require inotropic agents (i.e., dobutamine) to support their LV
pump function as well as vasoconstricting agents to counteract
peripheral vasodilation (i.e., norepinephrine or dopamine).

Table 154.1. ICU survival is related to the number of failing organ
systems involved

Failing organ systems, n Mortality,%

0 0.8%
1 6.8
2 26.2
3 48.5
4 68.8
5 83.3
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Table 154.2. Risk, injury, failure, loss, and end-stage (RIFLE) kidney criteria

Class Glomerular filtration rate criteria Urine output criteria

Risk Increase in serum creatinine × 1.5 from baseline <0.5 ml/kg/h × 6 h
Injury Increase in serum creatinine × 2 from baseline <0.5 ml/kg/h × 12 h
Failure Increase in serum creatinine × 3 from baseline, or serum creatinine ≥ 4 mg/dl with an acute

rise > 0.5 mg/dl
<0.3 ml/kg/h × 24 h, or anuria × 1

Loss Persistent acute renal failure = complete loss of kidney function > 4 wk
End-stage kidney disease End-stage kidney disease > 3 mo

Adapted from Bellomo R, Kellum JA, Ronco C. Defining and classifying acute renal failure: from advocacy to consensus and validation of the RIFLE criteria. Intensive
Care Med 2007; 33:409–413.

Kidneys
Acute kidney injury (AKI) is a major cause of morbidity and
mortality in hospitalized patients, and it is consistently associ-
ated with increased mortality. AKI can be defined as elevation
of serum creatinine greater than 0.3 mg/dl from baseline (pre-
diseased state) or the doubling of baseline creatinine. Although
there are various definitions for AKI, the two widely accepted
criteria are the RIFLE (Table 154.2) and theAKIN classification.
The RIFLE criteria provides a graded definition of AKI severity
that correlates with outcomes.

Liver
The primary function of the liver is detoxification of internal
toxins as well as the production of proteins. It is hypothesized
that inMODSorMOF a sepsis-related increased gut permeabil-
ity and bacterial translocation lead to the development of liver
dysfunction. Signs of liver dysfunction consist of persistent ele-
vation of aspartate aminotransferase (AST) and alanine amino-
transferase (ALT), elevation of bilirubin to greater than 1.2
mg/dl (mostly due to cholestasis), and persistent unexplained
elevation of prothrombin time (PT) indicating a synthetic dys-
function of the liver. Liver failure is noted by hypoglycemia,
persistent coagulopathy, ongoing elevation of bilirubin, and
elevation of liver enzymes (AST and/or ALT).

Gastrointestinal tract
Gastroparesis (impaired gastric emptying) and postoperative
ileus are commonly seen in MODS and/or MOF. Stress ulcers
(Curling ulcers) used to occur commonly, but they have been
almost completely eliminated with the routine use of acid-
suppressing agents (H2 blockers or proton pump inhibitors).

Brain
Mental status is altered in mild forms of brain dysfunction, and
delirium is the most frequent presentation. Delirium is a dis-
oriented state of mind characterized by fluctuation of mental
status, inattention, and disorganized thinking. It can be diag-
nosed with the CAM-ICU (confusion assessmentmeasurement
in the intensive care unit) method developed by Ely and col-
leagues. The benefit of this method is that it can be applied
in ventilator-dependent patients. In more severe forms, mental

status can deteriorate to somnolence, stupor, or even coma, even
in the absence of organic brain damage.

Hematopoietic system
The most common form of hematologic dysfunction is throm-
bocytopenia and elevation of prothrombin time (PT) and inter-
national normalized ratio (INR). In disseminated intravascular
coagulation (DIC), thrombocytopenia and increased PT are
seen. Leukocytosis is common, but leukopenia frequently
accompanies severe sepsis and septic shock.

Musculoskeletal system
Seen less frequently than other forms of organ dysfunctions,
variable degrees of skeletal muscle weakness can develop in the
context of critical illness, and it is often referred to as critical ill-
ness myopathy. Although the cause is often unclear, in certain
cases, longer-term use of neuromuscular blocking agents has
been suspected.

Assessing the severity of MODS and/or MOF
Two scoring systems have been developed to assess the degree
of combined organ dysfunction in MODS and MOF: the MOD
score (Table 154.3) and the sequential organ failure assessment

Table 154.3. MOD scores

Score

Organ system 0 1 2 3 4

Respiratory: PaO2/FiO2 >300 226–300 151–225 76–150 ≤75
Renal: creatinine
(µmol/L)

≤100 101–200 201–350 251–500 >500

Hepatic: bilirubin
(µmol/L)

≤20 21–60 61–120 121–240 >240

Cardiovascular: PARa <10.0 10.1–15 15.1–20.0 20.1–30.0 >30.0
Hematologic: platelet
count

>120 81–120 51–80 21–50 ≤20

Neurologic: Glasgow
Coma Scale score

15 13–14 10–12 7–9 ≤6

a PAR (pressure-adjusted heart rate) is the product of the heart rate and the
ratio of the right atrial pressure to the mean arterial pressure.

Adapted from: Marshall JC, Cook DJ, Christou NV, et al. Multiple organ dys-
function score: a reliable descriptor of a complex clinical outcome. Crit Care
Med 1995; 23:1638–1652.
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Table 154.4. SOFA scores

Score

Organ system 0 1 2 3 4

Respiratory: PaO2/FiO2 400 ≤400 ≤300 ≤200 ≤100

Renal: creatinine (µmol/L) ≤110 101–170 171–299 300–440; urine output
≤500 ml/d

>440; urine output <200

Hepatic: bilirubin (µmol/L) ≤20 20–32 33–101 102–204 >204

Cardiovascular: hypotension No hypotension MAP < 70 mm Hg Dopamine ≤ 5a

dobutamine (any dose)
Dopamine > 5a or
epinephrine ≤0.1a or
norepinephrine ≤ 0.1a

Dopamine >15a or
epinephrine >0.1a or
norepinephrine > 01a

Hematologic: platelet count 150 ≤150 ≤100 ≤50 ≤20

Neurologic: Glasgow Coma
Scale score

15 13–14 10–12 6-9 <6

a Adrenergic agents administered for at least 1 h (doses given are in µg/kg/min). MAP, mean arterial pressure.

(SOFA) score (Table 154.4). Both of these score the same six
organ systems, using physiologic data, but in a slightly different
manner.The SOFA score is calculated based on themost abnor-
mal value during a 24-hour period, whereas the MOD score is
calculated using physiologic values measured at the same point
in time every day (i.e., first morning values). Importantly, both
of these scores, when indicating more severe injury, were found
to correlate with poorer outcome and survival.

Clinical conditions commonly leading
to MODS andMOF
The most common cause of organ failure is sepsis, and sepsis
triggered by a localized inflammatory process can lead to sys-
temic inflammatory response syndrome (SIRS). In 1992, the
American College of Chest Physicians and Society of Critical
Care Medicine (ACCP/SCCM) consensus conference estab-
lished the diagnostic criteria for SIRS.

SIRS is present when two or more of the following condi-
tions are met: temperature �38◦C or �36◦C; heart rate �90
beats/min; respiratory rate �20 breaths/min or PaCO2 �32
mm Hg; and white blood cell count �12,000/mm3, �4000
cells/mm3, or �10% immature (band) forms.This definition of
sepsis (Table 154.5) recognizes the progression of disease status
from early inflammation to sepsis, and through severe sepsis
and septic shock, ultimately, to MOF (Table 154.3 ).

Certain critical events seem to be associated with SIRS
and MOF: cardiac arrest, congestive heart failure, infection,
pneumonia, upper gastrointestinal bleed, surgery, trauma, and

Table 154.5. Definitions

Sepsis = SIRS as a result of infection
Severe sepsis = sepsis + 2 or more organ dysfunction
Septic shock = severe sepsis + hypotension refractory to volume infusion
MODS = abnormal function in more than one vital organ
MOF = failure in more than one vital organ

thermal injury. Common surgical procedures associated with
SIRS and MOF include surgery for head trauma, elective
abdominal aortic aneurysm repair, aortic dissections or rup-
tures, cardiac valvular surgery, and gastrointestinal surgery for
perforation, inflammatory disease, or carcinoma. Other fac-
tors associated with the development of SIRS andMOF include
delayed or inadequate resuscitation, persistent infection or
inflammation, surgical “misadventure,” presence of hematoma,
age � 64 years, prior organ dysfunction, steroid use, chronic
health problems (i.e., alcoholism, malnutrition, and diabetes),
and serious physiologic abnormality on ICU admission.

Other forms of significant (noninfectious) tissue injury
(i.e., poly-trauma) can also lead to the development of MODS
or MOF in which organ dysfunction develops as a result
of tissue hypoperfusion without overwhelming inflammation.
Cytokines released from damaged tissues are suspected to play
a role in this form of MODS and MOF.

Pathogenesis and suspectedmechanism
of MODS and/or MOF
Although there is evidence that sepsis- and injury-related
hypoperfusion (hypoxemia) of the tissues, in combination with
release of mediators, play a role in MODS and MOF, it is yet
unclear which of these factors are most important. In fact, it
is likely that each of these factors plays a role in the different
forms of complex, critically ill states that lead to MODS and
MOF. It is hypothesized that both capillary leakiness and the
cytokine-induced impaired oxygen extraction further aggravate
organ dysfunction and facilitate organ failure.

Sepsis is a disease of the microvascular endothelium that
leads to tissue hypoxia and dysoxia even when sufficient oxygen
is delivered through the blood. In sepsis, patients are unable to
adequately extract oxygen from the blood. Thus, this impaired
ability to extract oxygen leads to worsening organ dysfunction.
Most likely the combination of tissue hypoxia and inflammatory
mediator release triggers the development of organ dysfunction
as the clinical signs of sepsis develop.
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Prevention andmanagement
The prevention of MOF requires effective and early manage-
ment of SIRS. For themanagement ofMODS orMOF related to
sepsis, evidence-based guidelines have been developed and are
detailed in Chapter 161. These guidelines include early admin-
istration of broad-spectrum antibiotic following the submis-
sion of appropriate microbial cultures, elimination of known
infections focus (i.e., source control), and early, appropriate
fluid resuscitation. The success of early volume resuscitation
in sepsis is likely due to improved microcirculation and inter-
ruption of the vicious cycle of tissue dysoxia, hypoperfusion,
and cytokine release. The primary resuscitative fluids should
be crystalloids, with judicious supplementation with colloids.
Studies have shown that volume resuscitation with albumin can
be harmful, particularly for head injured trauma patients, and
therefore should be avoided for this patient population.The use
of albumin in other populations seems to carry an equipoise and
can be used at the discretion of the physicians.

For the management of ALI or ARDS, evidence-based
guidelines recommend that a tidal volumes of 6 to 8 ml/kg of
ideal body weight be delivered, while keeping the mean airway
plateau pressures � 30 mm Hg, combined with the judicious
increases of positive end-expiratory pressure (PEEP) to support
adequate oxygenation.

For trauma patients, early stabilization of fractures and ade-
quate cardiopulmonary resuscitation play a key role. In burn
patients, aggressive fluid resuscitation can significantly reduce
secondary organ damage and MODS or MOF.

Early and accurate detection of AKI could lead to improved
survival. However, currently available diagnostic tests, which
include serum creatinine and blood urea nitrogen, are sub-
optimal markers for AKI because they are neither sensitive
nor specific for detecting early changes in kidney function.
New biomarkers are being evaluated, but none have been app-
roved yet.

The most common cause of AKI is decreased renal per-
fusion followed by administration of nephrotoxin, contrast
administration, and major surgery. Therefore, early institution
of prevention strategies in these patients may be helpful. Such
strategies include maintenance of adequate blood volume and
renal blood flow by providing adequate hydration and avoid-
ance of nephrotoxic drugs. Routine use of diuretics has not
been shown to be helpful. Certain forms of AKI (i.e., contrast-
induced nephropathy) may benefit from the administration of
antioxidants, such as N-acetylcysteine.

When AKI progresses to renal failure, renal replacement
therapy can be instituted. Continuous renal replacement ther-
apy is commonly used to manage critically ill patients because
it seems to be associated with less hemodynamic changes com-
pared to conventional, intermittent hemodialysis. No prospec-
tive, randomized studies to date, however, have documented
that continuous renal replacement therapy improves clinical
outcome when compared with intermittent hemodialysis.

The precise and timely assessment of cardiac dysfunction
is difficult even if one uses the combination of hemodynamic
and echocardiographic data in combination with vasopressor
requirement.The testing of several biomarkers that will provide
early detection of cardiac dysfunction is under way. Troponin I
andT levels seem to be associatedwith increased catecholamine
requirement, decreased strokework index, decreased LVEF, and
increased mortality. Thus, some institutions follow troponin
levels for the assessment of cardiac dysfunction in the ICU. B-
type natriuretic peptide has been investigated as another poten-
tial biomarker but, as with the troponins, further studies are
needed to prove its utility.

At present, the prevention and treatment of cardiovascular
dysfunction rest on adequate and early fluid resuscitation
with a combined approach of judicious fluid replacement and
inotropic support. Maintaining normoglycemia may be ben-
eficial as studies suggest that normoglycemia protects the
endothelium, possibly by inhibiting nitric oxide release, and
may contribute to the prevention of organ failure and death.
Preventative use of statins and β-blockers seem to show
promise, but further studies are required.

The future
Prevention and treatment of MOF will improve with availabil-
ity of acute biomarkers that provide early diagnosis of SIRS and
specific organ dysfunction. Such biomarkers could potentially
be used to follow disease progression and treatment as well.
Development of real-timepolymerase chain reaction assays that
identify the presence of bacterial or viral infection may replace
our current reliance on blood cultures and permit earlier and
appropriate antibiotic therapy.
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Chapter

155 Supraventricular arrhythmias
James P. Hardy and Thomas Edrich

Supraventricular arrhythmias are frequently encountered in the
operating room, recovery room, and intensive care unit (ICU).
The anesthesiologist and intensivist must recognize the type of
arrhythmia and decide on appropriate management, which will
depend on the hemodynamic stability of the patient and should
be guided by the advanced cardiac life support (ACLS) princi-
ples as outlined inChapter 153.This chapter describes the ratio-
nale behind the treatment options and helps prioritize treat-
ment goals.

Classification
A supraventricular tachyarrhythmia is one in which the focus
of the dysrhythmias starts above the His bundle. In most cases
it provides the ventricles with excitation along the usual path-
ways (His–Purkinje conduction system), leading to a narrow
complex QRS. There may be aberrant conduction of excita-
tion into the ventricles in the case of accessory bundles and
rate-responsive bundle blocks leading to wide complex QRS.
Fig. 155.1 displays possible mechanisms of the most common
supraventricular arrhythmias, and Table 155.1 lists common
treatment options.

Sinus tachycardia
Sinus tachycardia is the most common tachycardia seen in the
ICU and may have causes listed in Table 155.2.

Identifying characteristics of sinus tachycardia are heart rate
(HR) � 100 bpm in an adult and presence of P waves that may
be difficult to visualize at a high HR. Uncertainty regarding
the P waves may cause difficulty differentiating from paroxys-
mal supraventricular tachycardia (PSVT) and atrial flutter with
2:1 block. Slowing the HR by vagal maneuvers (carotid sinus
massage, Valsalva maneuver) or by medications (β-blocker,
adenosine, diltiazem) may help to identify the rhythm via the
following mechanisms:

1. Slowing true sinus tachycardia enough to reveal the
P waves;

2. Slowing AV-nodal conduction enough to reveal underlying
atrial flutter; and

3. Interrupting and possibly terminating PSVT.

Sinus tachycardia is often well tolerated. Tachycardia, how-
ever, can lead to poor ventricular filling and compromise car-
diac output. Also, the percentage of time that the heart spends
in diastole is reduced, thereby reducing perfusion especially to
the left ventricle. This reduction can lead to coronary ischemia
especially in the setting of left ventricular hypertrophy.

Treatment should focus on reversing underlying mecha-
nisms. Patients perceived as moderate or high risk for rate-
related coronary ischemia should receive β-blockade. Frequently
used medications are esmolol (short-lasting and easily titrat-
able) or metoprolol.

Atrial fibrillation
Atrial fibrillation (AF) represents chaotic activation of the atria
due to the presence of multiple foci of excitation as shown
in Fig. 155.1a. The electrocardiogram (ECG) shows irregularly
spacedQRS complexes and lacks regular P waves.The ventricu-
lar rate depends on the conduction of the irregular atrial depo-
larizations across the AV-node and into the His bundle. Most
often, theQRSwill be narrow because the ventricular activation
occurs in an orderly fashion along theHis–Purkinje conduction
system. If the ventricular rate is high enough, a rate-dependent
bundle branch block may cause the QRS to widen. AF is the
most common dysrhythmia encountered in the surgical ICU.
The estimated prevalence is 0.4% to 1% in the general popu-
lation, and 8% in patients older than 80 years. It occurs in up
to 40% after coronary artery bypass graft (CABG) and with a
similarly high incidence (8%–60%) after major thoracic surgi-
cal procedures. Often, AF will terminate spontaneously when
the underlying cause is treated and therefore does not require
aggressive attempts at rhythm conversion back to sinus rhythm.
Table 155.3 lists common conditions associated with AF.

Symptoms depend on the stiffness or diastolic function of
the ventricle. A ventricle with hypertrophy will depend more
heavily on the diastolic filling contribution of atrial contraction
(the “atrial kick”) and the onset of AF may reduce the stroke
volume by 20%.

Postoperative AF has several significant clinical impli-
cations:

� Perfusion pressure to vital organs may be lowered critically,
requiring more aggressive fluid resuscitation to correct.
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Figure 155.1. Simplified mechanisms of common supraventricular tachycardias. (A) AF is caused by multiple reentry wavelets that provide high-frequency
impulses to the atrioventricular (AV) node that are conducted in an erratic fashion. (B) Atrial flutter is caused by a larger reentry circuit within the atrium that
provides impulses to the AV node at a rate of approximately 300 beats per minute. Conduction is often regular and limited by a 2:1 or 3:1 blockade due to the
refractory period of the AV node. (C) AV nodal reciprocating tachycardia (AVNRT) is entertained by two pathways within the AV node that have different refractory
periods and conduction velocities. One premature atrial contraction can suddenly initiate this circular pattern of activation (paroxysmal tachycardia), thus
activating the ventricles in a rapid regular fashion. (D) AV-reentry tachycardia (AVRT) requires an accessory pathway through which excitation can be conducted
back to the AV node. Anterograde conduction through the AV node and then circling back through the accessory pathway causes a regular tachycardia with
a narrow QRS. Alternatively, conduction may proceed down the accessory pathway first and return retrogradely through the AV node causing a wide-complex
tachycardia.

Table 155.1. Treatment options for supraventricular tachycardias (SVTs)

Principle Intervention Comments

Mechanical vagal
stimulation leading to AV
conduction slowing

Carotid sinus massage
(CSM)

Method: Steady or pulsatile pressure applied to the carotid sinus for 5–10 s. The carotid sinus is
located below the angle of the mandible at the level of the thyroid cartilage.

Contraindications: CSM should be avoided in patients with a carotid bruit, a known carotid stenosis
> 50%, a history of myocardial infarction or stroke within the preceding 3 months, or a history of
ventricular arrhythmias or symptomatic bradyarrhythmias. The risk of neurologic complications
attributed to arterio-arterial embolization is low following CSM ranging from 0.28% to 0.9% in
patients older than 50 yrs, with most deficits resolving within 24 h (persistent deficits 0.1%).

Valsalva maneuver A randomized study of 148 patients with SVT showed termination of the SVT in 18% with Valsalva
maneuver compared to 11.8% with CSM. A smaller study of 35 patients also showed that the
Valsalva maneuver was more effective than CSM or facial immersion.

Medications blocking fast
AV conductiona

Esmolol Short lasting (10 min) – use 20–40 mg IV push or infuse and titrate to effect.
Metoprolol Initial dose 1–5 mg IV

Onset of action: oral, 20–40 min; IV, within minutes
Duration of action: oral, 3–6 h; IV, 2–4 h
Conversion IV to PO is 1:2.5 although commonly converted more aggressively (1:5)

Diltiazem Initial dose 10-20 mg IV, or infuse 5–15 mg/h
Onset: 3 min; duration: 1–3 h
Caution: risk of complete AV-block is high when combining both IV metoprolol and IV diltiazem

Adenosine Initial dose 6 mg IV rapid push, may repeat with 12 mg
Onset: 20 s; duration: <1 min. Note: heart transplant patients are very sensitive.

Ibutilide Caveat: Torsades de pointes risk = 1.7%. Pretreatment with magnesium may reduce this risk.
Amiodarone and

procainamide
Useful for tachycardia with wide QRS of uncertain etiology that could be supraventricular with

conduction aberrancy, WPW or ventricular. Choose amiodarone if low EF (<45%). Caveat: lung
toxicity (2%–7%) and hepatic toxicity (<3%) with amiodarone

Electrical cardioversion Recommended energy levels are not yet uniform for biphasic defibrillators.
Biphasic 50–100–200 J for AF, atrial flutter, and wide complex tachycardia
Biphasic 100–200 J for SVT
Monophasic energy levels are approximately 2x higher (ceiling at 360 J).
Caveats: Sedation before cardioversion if possible. Remember to SYNCHRONIZE before shocking to

avoid shocking in the vulnerable phase of the T wave, which could induce ventricular fibrillation. It
is important to recheck for synchronization before each new shock as the defibrillator may default
to a nonsynchronized mode.

IV, intravenous; PO, oral; WPW, Wolff–Parkinson–White syndrome
a β-blockers, diltiazem, verapamil, adenosine, and digoxin may enhance conduction through accessory pathways in WPW and other pre-excitation syndromes
and are therefore contraindicated.
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Table 155.2. Causes of sinus tachycardia

Pain, anxiety
Absolute or relative intravascular volume depletion (e.g., hemorrhagic,

neurogenic, or septic shock)
Exposure to positive chronotropic medications, such as dopamine
Fever
Heart failure, acute coronary ischemia
Uncommon: hyperthyroidism, pheochromocytoma

Certain patients, such as those who have had lung
resections, may not tolerate the increased intravascular
volume and develop edema leading to non-compliant
lungs, increased work of breathing, and respiratory failure.
Alternatively, vasopressors may become necessary but may
compromise perfusion of vital organs with complications
such as acidosis.

� Prolonged AF raises the risk of clot formation in the atria,
leading to embolic complications such as strokes. The
annual risk of stroke is 3% to 8%. Anticoagulation may
become necessary, but increases the risk of bleeding
complications in the postoperative patient.

Prevention of postoperative AF
Studies of patients undergoing cardiac surgery have shown an
overall reduction in the rate of postoperative AF following the
use of prophylactic β-blockade and, to a lesser extent, calcium
channel blockers. Dosing schedules and type of β-blocker vary
in these studies. Ideally, preoperativeβ-blockade should be ini-
tiated in collaborationwith the patient’s primary care physician,
if indicated.

In general, perioperative β-blockade has been shown
to reduce postoperative cardiac complications for high-risk
patients undergoing high-risk surgery. However, titration is
critical to avoid morbidity due to hypotension. Patients who
already take β-blockers should continue them in the periop-
erative period, as withdrawal of these medications doubles the
risk of postoperative AF. Contraindications to perioperative
β-blockade include patients who are hemodynamically unsta-
ble and possibly requiring inotropic support and patients with
second- or third-degree AV block. Cardioselective β-blockers
that predominantly antagonize β-1 receptors (e.g., esmolol,
metoprolol, atenolol) have been found to be safe even in patients

Table 155.3. Risk factors for atrial fibrillation

Electrolyte disturbances (hypokalemia, hypomagnesemia)
Hyperadrenergic state
β-adrenergic drugs, such as dopamine
Absence of β-blocker therapy or withdrawal of previous β-blockade
Atrial manipulation (cardiac or thoracic surgery)
COPD
Obesity
Atrial enlargement (e.g., mitral stenosis)
Age
Valve surgery

with chronic obstructive pulmonary disease (COPD) and reac-
tive airway disease,with no changes in forced expiratory volume
in the first second of expiration (FEV1) or symptoms in a large
meta-analysis.

Treatment of AF
Patients with hemodynamic instability
Rapid AF may compromise perfusion severely, with hypoten-
sion leading to mental status deterioration, oliguria, chest pain,
or signs of coronary ischemia in the ECG.These patients should
be treated emergently with electric cardioversion as described
in Table 155.1. Vasopressors, such as phenylephrine, that do not
increase HR may be useful to restore adequate perfusion pres-
sure while awaiting cardioversion. If possible, a heparin bolus
and infusion to attain a 1.5- to 2-fold prolongation of PTT
should be performed concurrently with cardioversion, unless
contraindicated due to risk of post-surgical bleeding. Anticoag-
ulation is recommended for 4 weeks even after successful car-
dioversion, as will be discussed below.

Patients who are hemodynamically stable – rate
control versus rhythm control
A decision must be made whether to lower the HR to a toler-
able range without converting to sinus rhythm (rate control),
or to attempt electrical or chemical cardioversion back to sinus
rhythm (rhythm control). Even when pursuing rate control
only, a large proportion of postoperative patients will sponta-
neously convert back to sinus rhythm once the insult of surgery
has passed without requiring anti-arrhythmic medications. A
review of the largest prospective randomized trials found that
pharmacologic rhythm control was not superior to rate con-
trol, but did result in a higher rate of hospitalization and a trend
towardsmore strokes although the increased stroke rate did not
become apparent until following patients for 3.5 years. Certain
malignant dysrhythmias were significantly more likely to occur
in the rhythm control group. A subsequent review of electrical
cardioversion compared to rate control did not show a mortal-
ity difference but found a non-significant increase in strokes in
the cardioversion group. Several indices of quality of life, how-
ever, improved significantly after cardioversion. These studies
may be less applicable to the surgical patient population where
the insult of surgery, and presumed cause of AF, is expected to
resolve over time.

Rate control
Most frequently, rate control is initiated with a β-blocker
(e.g., metoprolol) or calcium antagonist (e.g., diltiazem). These
agents lower the HR but have no intrinsic ability to cardiovert.
Nevertheless, spontaneous cardioversion to sinus rhythm often
occurs after hours or days as the conditions underlying the
arrhythmia resolve (see Table 155.3). Once in sinus rhythm, β-
blockers or calcium antagonists are known to reduce the likeli-
hood of recurrent AF (secondary prevention).
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Rhythm control
Unsatisfactory rate control in patients with an elevated risk
posed by tachycardia (e.g., coexisting coronary artery disease)
may necessitate cardioversion. Both electrical and chemical car-
dioversion carry the risk of dislodging blood clots from the
heart and causing a stroke. The risk of stroke increases after AF
has persisted for more than 48 hours. Thus, after the 48-hour
limit, patients require either 3 weeks of full anticoagulation
before the cardioversion attempt or, alternatively, trans-
esophageal echocardiography (TEE) to rule out a clot before
immediate cardioversion. Even when using TEE, initiation of
heparin therapy with an IV bolus and infusion to attain an
elevated PTT (1.5–2 times normal) is recommended immedi-
ately before cardioversion (unless contraindicated). Thrombi
can be found in the left atrial appendagewhere inadequate atrial
contraction has allowed stasis of blood. Thus, TEE is the best
method to rule out clots because the esophageal positioning of
the probe brings it closest to the left atrium for optimal imaging
quality.

Special considerations for patients with AF and
Wolff–Parkinson–White Syndrome (WPW)
As described below, patients with WPW syndrome have an
accessory conduction pathway between the atria and the ven-
tricles. They may exhibit a delta wave on a resting ECG. Agents
that slow conduction across the AV node are contraindicated
in patients with WPW and AF. These include β-blockers,
adenosine, calcium channel blockers, and digitalis. Slowing AV
conduction in these patients can enhance anterograde conduc-
tion along the accessory pathway during AF, leading to accel-
eration of the ventricular rate with subsequent hypotension
and possible degeneration into ventricular fibrillation. Hemo-
dynamically unstable patients should be cardioverted. Stable
patients may be treated with amiodarone, procainamide, or
ibutilide.

Anticoagulation after AF
AF carries the risk of clot formation and subsequent throm-
boembolism due to loss of mechanical function of the atrium
and stasis of blood. Return to sinus rhythm enhances the risk
of dislodging a clot, particularly from the left atrial appendage.
This risk exists after both electrical and chemical cardioversion.
In both cases, the complete recovery of atrial mechanical func-
tion may be delayed by several weeks. In addition, there is an
elevated risk of recurrent AF, which may be asymptomatic and
therefore go unnoticed. Thus, these patients require full anti-
coagulation for 4 weeks after cardioversion. If AF recurs, the
need for continued anticoagulation will depend on the patient’s
risk factors for stroke, and either full anticoagulation (e.g.,
coumadin) or aspirin will be needed.

Atrial flutter
Atrial fluttermost commonly results fromamacro-reentry phe-
nomenon with an excitatory wave-front circling through the
right atrium in a regular pattern as illustrated in Fig. 155.1b.
The ventricular rate can appear regular because atrioventricular
conductionmay be blocked for every second or third atrial beat
leading to 1:2 or 1:3 conduction. Symptoms, management, and
prevention of perioperative atrial flutter are similar toAF. Treat-
ment typically beginswith aβ-blocker. Rate control can be chal-
lenging because a lower atrial ratemaymatch the AV-refractory
period better and actually cause a 3:1 block to “improve” to
a 2:1 block with an undesirable increase in ventricular rate.
This is more likely when using class I antiarrhythmic drugs,
such as procainamide, flecainide, or propafenone, because these
agents do not prolong the AV-node refractory period and thus
do not protect against the switch to a lower conduction ratio.
Therefore, simultaneous rate control with AV-nodal blocking
agents, such as esmolol, metoprolol, or diltiazem, is advisable.
Although the risk of stroke may be lower with atrial flutter than
with AF, the same anticoagulation strategies are recommended.
Atrial flutter can be treated with catheter ablation.

Atrioventricular nodal reciprocating
tachycardia
Atrioventricular nodal reciprocating tachycardia (AVNRT) is
themost common cause of narrow-QRS tachycardia with a reg-
ular rate, accounting for up to 60% of cases (see Fig. 155.1c).
In AVNRT there are two functionally different pathways within
the AV node: one with a short refractory period and slow con-
duction, and the other with a longer refractory period but faster
conduction. In sinus rhythm, only the faster pathway is used.
An irregular atrial contraction (e.g., a premature atrial beat),
however, can be transmitted to the ventricle via the slow path-
way if the fast pathway is still refractory and then circle back
through the fast pathway when it has recovered from its refrac-
tory period. This triggers a sudden onset of tachycardia, typi-
cally at a rate of 140 to 250 beats per minute. The QRS remains
narrow because the ventricular activation is triggered from the
AV node, unless a rate-dependent bundle branch block also
occurs. Because the atria and ventricles are activated almost
simultaneously, the P wave is obscured by the QRS and cannot
be seen on the surface ECG. Acute management is the same as
for AVRT and will be discussed in the next paragraph.

Atrioventricular reentry tachycardia
Atrioventricular reentry tachycardia (AVRT) requires the pres-
ence of both the normalAVnode, as well as an anatomically dis-
tinct conduction pathway between the atria and the ventricles
called an accessory pathway (see Fig. 155.1d). The most com-
mon such accessory pathway is the Kent bundle. Both the AV
node and the accessory pathway can conduct in both directions
so that paroxysmal onset of circular excitation is possible.When
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excitation progresses down the regular AV node to the ventri-
cles and then returns to the atria via the accessory pathway, it is
termed orthodromic AVRT. The QRS complex is typically nar-
row because the ventricles are depolarized in an orderly fashion
starting with the AV node and progressing through the His–
Purkinje conduction system. In antidromic AVRT, anterograde
conduction occurs via the accessory pathway and returns via
retrograde conduction through the AV node. Because depolar-
ization of the ventricles is initiated outside the His–Purkinje
system, the QRS is wide. When an accessory pathway allows
anterograde conduction at rest while the HR is normal, the
QRS can be slightly widened with a slurred upstroke of the
QRS complex called a delta wave. This occurs because there is
fusion of ventricular depolarization emanating from both the
His–Purkinje system (narrow QRS) as well as via the accessory
pathway (pre-excitation of the ventricle causing widening of the
QRS via the delta wave). If the accessory pathway allows only
retrograde conduction at rest, then there is nomanifestation on
the surface ECG. This is called a concealed accessory pathway.
The combination of delta waves and a short PR interval in the
ECG at rest, and a history of palpitations is referred to as the
Wolff–Parkinson–White (WPW) syndrome.

Treatment of AVNRT and AVRT
If initial assessment indicates an unstable hemodynamic state or
if tachycardia poses a significant risk of exacerbation of under-
lying disease such as coronary artery disease, then immediate
cardioversion may be indicated. Otherwise, therapy hinges on
the assessment of the ECG and the patient’s previous medical
history.

Narrow QRS complex
Regular tachycardia with a narrow QRS complex poses a diag-
nostic dilemma because it could represent orthodromic AVRT,
AVNRT, or atrial flutter with a fixed conduction ratio. Adeno-
sine can be considered the first choice for all regular narrow
complex tachycardias.The other nodal blocking agents listed in
Table 155.1 (esmolol, metoprolol, diltiazem) are also appropri-
ate. In patients with pacemakers, overdrive atrial pacing may
also terminate narrow complex tachycardias, but with the risk
of inducing AF.

Wide QRS complex
Differential diagnosis of regular tachycardia with a wide QRS is
more problematic, and management depends on the etiology.
Possibilities include:

� Ventricular tachycardia
� Antidromic AVRT
� Orthodromic AVRT, AVNRT, atrial flutter, or atrial

tachycardia, all with coexisting bundle branch block
(preexisting block or a rate-dependent block)

If in doubt regarding the etiology of regular-rate wide-
complex tachycardia, ventricular tachycardia (VT) should be
assumed and treated with amiodarone (150 mg IV over 10
minutes, repeated as needed to a total of 2.2 g over 24 hours)
or elective synchronized cardioversion. Treatment with nodal-
blocking agents, particularly verapamil or diltiazem, may be
deleterious because they may precipitate hemodynamic col-
lapse in a patient with VT.

With antidromic AVRT, nodal blocking agents (e.g., adeno-
sine, esmolol, metoprolol, diltiazem) do not slow conduction
via the accessory pathway butmay actually enhance conduction
over the accessory pathway.This can lead to ventricular arrhyth-
mia, even ventricular fibrillation, in AVRT as well as in the set-
ting of AF/flutter or atrial tachycardias. Procainamide is the
drug of choice because it slows conduction over the accessory
pathway more than over the AV node, although amiodarone
is preferred in patients with a low ejection fraction (EF). Car-
dioversion is an alternative.

Treatment for known orthodromic AVRT, AVNRT, atrial
flutter, or atrial tachycardia remains as described in the previous
sections regardless of the presence of a bundle branch block.

Multifocal atrial tachycardia
Multifocal atrial tachycardia (MAT) is an uncommon arrhy-
thmia usually seen in critically ill patients with electrolyte
abnormalities or COPD. It is an irregular narrow complex
tachycardia, with a variable P-wave appearance and is consid-
ered to be a transitional rhythm between atrial tachycardia and
AF. Treatment should be focused on correction of precipitating
causes. β-blockers or channel blockers may be used for rate
control.
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Chapter

156 Cardiac failure in the intensive care unit
Maxwell Weinmann

Introduction
There are more than 1 million hospital admissions per year
in the United States of patients suffering from acute decom-
pensated congestive heart failure (CHF); the most common
etiology is ischemic heart disease. As pump failure develops,
the physician is often confronted with competing therapeutic
demands to optimize oxygenation and perfusion in an attempt
to prevent organ failure and reduce mortality, This is of par-
ticular importance when the anesthesiologist is faced with sta-
bilizing the uncompensated cardiac failure patient requiring
emergent surgery.

Epidemiology
CHF affects approximately 2% of the population. Almost half
a million new cases are diagnosed nationally per annum – 10
times that of newly diagnosed HIV infection and twice that of
breast carcinoma. Despite advances in the field, admission rates
have actually grown over time and are responsible for in excess
of more than $20 billion in health care expenditures annually in
the United States alone.

Etiology
The most common etiology of CHF is underlying ischemic
heart disease. While these patients frequently have a history of
angina, myocardial infarction, and an array of associated risk
factors (e.g., diabetes, hypertension, smoking), coronary vascu-
lar disease often progresses silently, and CHF can be the first
clinical manifestation of the disease. Other less common condi-
tions include idiopathic dilated cardiomyopathy, valvular heart
disease, myocarditis, drugs (e.g., doxorubicin, cocaine), HIV
infection, and so forth.

Pathophysiology
Neurohumoral dysregulation
A neurohumoral cardio–cerebro–renal axis exists that regu-
lates cardiovascular homeostasis through cardiac filling/output
and systemic perfusion. In CHF, this homeostatic mechanism
breaks down. As the heart begins to fail, its output declines, as
does systemic organ perfusion.The body interprets this low car-
diac output as hypovolemia, and compensatorymechanisms are

initiated which produce vasoconstriction and fluid retention.
Consequently, sympathetic activity is increased tomaintain car-
diac output, via elevated catecholamine levels, while the renin–
angiotensin–aldosterone system (RAAS) acts to retain fluid and
Na+. In the setting of progressive cardiac disease, a chronic
hyperstimulatory state results which is self-perpetuating, lead-
ing to progressive myocardial wall stress, fibrosis, and ventricu-
lar remodeling.These changes culminate in a shift to anaerobic
myocardial metabolism, electrolyte abnormalities and dimin-
ished myocardial reserve, leading to a propensity for arrhyth-
mias, worsening cardiac failure, and increased mortality.

Diastolic dysfunction
Diastolic dysfunction refers to an abnormality of ventricular
relaxation that impairs filling, and can occur in the presence
or absence of an abnormal left ventricular ejection fraction.
Ventricular relaxation is an active process and thus energy
dependent. Myocardial ischemia will therefore lead to nonho-
mogeneity of diastolic filling.

It is estimated that up to one-third of patients present-
ing in decompensated heart failure (HF) demonstrate diastolic
dysfunction. This estimate rises with increasing age such that
approximately 70% of patients older than 70 years of age have
findings consistent with this condition.

Systolic dysfunction
Classically, systolic dysfunction and failure refer to the pro-
gressive decline in left ventricular ejection fraction due to
ventricular remodeling in the face of injury or increased after-
load. The most common etiologies contributing to ventricular
remodeling are coronary vascular disease and hypertension.

Myocardial injury is characterized by an imbalance of col-
lagen degradation and production, perivascular fibrosis, and
myocardial scarring, which may occur despite recanalization
of the infarct-related vessel. Myocardial scarring is, in part,
due to changes in the neurohumoral environment with activa-
tion of the renin–angiotensin system, which has been shown
to be profibrotic and proinflammatory. In the absence of inter-
vention, a chronic inflammatory state and ongoing myocar-
dial remodeling ensue. Ultimately, the left ventricle begins to
fail both mechanically and in terms of its electrophysiologic
integrity and homogeneity.
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Systolic and diastolic dysfunction have emerged as two dis-
tinct clinical entities such that diastolic failure demonstrates
initial preservation of ejection fraction in the absence of ven-
tricular dilatation, whereas systolic failure is characterized by
profound remodeling and progressive decline in output.

Right ventricular failure
Unlike the left ventricle, the right ventricle functions in a
relatively low-pressure milieu. Functioning as a crescentic
“bellows” adjacent to the more muscular left ventricle, its
pressure–volume relationship is much flatter, demonstrating
that it can accommodate large variations in venous return in
the absence of large pressure swings. This relationship also has
implications for contractility, which is preload-dependent. In
the presence of acute increases in afterload, but in the absence
of changes in preload, the ventricle responds with increased
inotropy. As afterload continues to increase, however, right
ventricular dilatation will occur, and its declining mechanical
reserves will lead to right heart failure. At this point, the ele-
vated right ventricular pressure will impair coronary perfusion,
and worsen mechanical failure. Although ischemia does affect
the right ventricle, it is extremely rare in isolation (the ante-
rior wall of the right ventricle has dual blood supply from both
the right coronary and the left anterior descending arteries),
and it occurs more commonly in association with inferior wall
ischemic events (up to 50% of cases).

Cardiogenic shock
Cardiogenic shock is life-threatening ventricular failure and a
sign of a profound acute myocardial decompensation. Cardio-
genic shock is typically due to acute ischemia or infarction.This
can occur with or without preexisting ventricular dysfunction.
Measuring systemic vascular resistance and cardiac contractil-
ity may help discern where in the clinical spectrum ranging
from ventricular dysfunction to failure a particular patient lies.
For these patients the therapeutic goal in the intensive care unit
(ICU) will be myocardial preservation, optimization of func-
tion, and organ salvage.

Diagnosis
Electrocardiogram
While an electrocardiogram (ECG) is not diagnostic of CHF,
it does allude to the underlying etiology, associated complica-
tions, and need for intervention. The left ventricular hypertro-
phy of chronic hypertension, the S-T changes of acute ischemia,
and the evolution of conduction abnormalities which would
benefit from pacing are some examples. Additionally, evolu-
tionary changes are particularly helpful if an acute ischemic
event is suspected, such that serial ECGs may be clinically rel-
evant on admission to the ICU, in addition to biochemical
markers, such as troponins, to confirm one’s clinical suspicions.
Furthermore, as therapy is initiated and progresses, continu-
ous ECG monitoring is important due to the inherent risk of

arrhythmias, which may be exacerbated by the electrolyte shifts
accompanying therapy.

Chest radiograph
The radiologic findings accompanying CHF are well known.
The heart may appear enlarged and globular, which may sug-
gest the presence of pericardial fluid which, if suspected,
should prompt echocardiographic investigation. Interstitial
pulmonary edemamay range fromblunting of the costophrenic
angles through to gross CHF with pleural effusions and fluid in
the fissures.

Hemodynamic monitoring
Thepulmonary artery catheter is less frequently used in the ICU
due to its associated morbidity, the lack of outcome benefits,
and the availability of less invasive measures of heart function,
such as echocardiography.While the pulmonary artery catheter
does provide an assessment of the left ventricular end diastolic
pressure, its correlation with left ventricular end diastolic
volume is skewed by acute changes in ventricular compliance,
especially in the setting of an acute ischemic syndrome. The
intensivist should take this into account when titrating volume
status to a particular wedge pressure.

Echocardiography
Both transthoracic and transesophageal echocardiography are
useful, noninvasive tools to measure contractility and wall
motion, wall thickness, valvular and intraluminal pathology, as
well as any pericardial disease. Both may be performed within
the ICU rapidly, easily, and without the need for transport of
a critically ill patient. It is, nevertheless only a snapshot of an
evolving clinical syndrome and does not exclude the absence of
transient ischemia should wall motion be seen to be normal.

Biochemical markers
Troponin
The I and T subunits of troponin are considered specific for
myocardial injury and should be evaluated whenever failure is
considered secondary to acute ischemia. However, the inten-
sivist should be wary of other clinical situations that may
complicate the interpretation of elevated levels, such as severe
sepsis, renal failure, pulmonary embolism, pulmonary hyper-
tension, and acute liver failure, to name a few.The exact mecha-
nisms of troponin elevation in these noncardiac diseases remain
unclear but include myocardial injury and inflammation due
to elevated free fatty acid levels in sepsis, reduced filtration
of troponin fragments in renal failure, and endothelial injury
or dysfunction in critical illness and systemic inflammatory
response syndrome (SIRS). Of importance, however, is recent
evidence supporting that critical illness–related troponin ele-
vation is of prognostic value, implicating incipient organ failure
and increased mortality.
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Brain natriuretic peptide
Progressive understanding of the mechanisms of action of
natriuretic peptides has demonstrated their key role in a cardio–
cerebro–renal axis of fluid and electrolyte homeostasis within
the body.Natriuretic peptides gained particular relevance in the
diagnosis, management, and prognostication of patients with
CHF. Levels�100 pg/ml are considered to have good sensitivity
and specificity in diagnosing CHF in acutely dyspneic patients
who present to the emergency room.

Additionally, natriuretic peptides have been implicated in
the regulation of myocardial perfusion by promoting coronary
vasodilation in the presence of ischemia. This theory has been
supported by elevations of brain natriuretic peptide (BNP) pro-
portional to underlying coronary vascular disease even in the
absence of ventricular dysfunction. Presumably, by stimulating
both coronary vasodilatation and systemic afterload reduction,
myocardial work is reduced and the effects of ischemia blunted.
Similarly, successful revascularization has been associated with
a reduction in BNP levels postoperatively.

Therapy
Airway management and oxygenation
The application of positive airway pressure (via both noninva-
sive or invasive modes delivering continuous positive airway
pressure [CPAP] or bilevel positive airway pressure [BiPAP])
has been shown to be effective in the acute management of
decompensated CHF. By reducing work of breathing, increas-
ing afterload reduction, and improving oxygenation, there is a
marked reduction in intubation rates, mortality and improved
cardiac performance compared to oxygen by mask alone. Ade-
quacy of oxygenation should be determined not only by pulse
oximetry, but also by arterial blood gas studies, which can pro-
vide information on the adequacy of circulation (through pH,
lactate, the presence of associated carbon dioxide retention, and
so forth). If work of breathing and hypoxia do not respond
to noninvasive ventilatory support, the patient should be intu-
bated to optimize systemic oxygenation.

Pharmacotherapy
Reperfusion strategies
Treatment of CHF in the ICU is governed by optimizing
myocardial function, perfusion, preservation, and salvage. If
acute ischemia or infarction is identified as the underlying etiol-
ogy, then the patient should be assessed as a potential candidate
for reperfusion via percutaneous coronary intervention (PCI),
thrombolysis, or even surgery. Previous studies have demon-
strated that in patients with ST elevation myocardial infarc-
tion PCI is superior to thrombolysis in terms of mortality and
morbidity, leading to the conclusion by some investigators that
reperfusion by stenting should be the standard approach.

Although primary intervention with thrombolysis is rel-
atively easy compared to PCI, it nevertheless presents chal-
lenges in terms of the risk of hemorrhagic complications

(particularly in elderly patients), the relatively short window of
optimal opportunity (4 hours), re-occlusion rates, inadequate
restoration of flow in the infarct-related segment, and the lack
of efficacy in those patientswho presentwith cardiogenic shock.
PCI or coronary artery bypass grafting is recommended in the
latter. In those patients not considered candidates for thrombol-
ysis, emergent PCI offers a significant opportunity for myocar-
dial salvage.

Diuretic therapy
Althoughdiuretics have not been shown to affectmortality, they
are typically used to alleviate the symptoms of volume overload.
Outpatient oral dosemay be changed to the intravenous dose by
dividing the oral dose by 2 to 2.5 and observing the response.
Diuretics reduce left ventricular filling pressures, and com-
mencement of diuretic therapy will also enhance the action of
angiotensin-converting enzyme (ACE) inhibitors through vol-
ume contraction. Although bolus dosing diuretics is commonly
implemented, an infusion is also an alternative if one wishes
to titrate a response or achieve a gentler, consistent diuresis
in a fragile patient. Electrolyte imbalances must be watched
for, as arrhythmias may be easily precipitated in these patients.
By evaluating urinary K+, for example, K+ replacements may
be preempted. Additionally, K+ losses may be ameliorated by
aldosterone antagonists.

Digoxin
Although well known, digoxin is certainly not outmoded in the
approach to CHF. It has been shown to provide symptomatic
relief even in the presence of a conventional therapeutic regimen
including ACE inhibitors, diuretics, and low dose β-blockers.
It was not, however, found to improve survival. Anuric renal
failure is not a contraindication to fully loading digoxin, and
serum levels should be used to assess and follow the potential
for toxicity, particularly in the presence of renal dysfunction.

Vasodilators
Nitroglycerin
Nitrates are typically part of the first line of therapy in acute
decompensated HF. They serve to produce venodilatation pre-
dominantly, although they are active, but weaker, arteriodila-
tors. This is particularly relevant to the coronary arteries. The
combined result is a reduction in preload, reduced ventricular
wall tension, enhanced myocardial perfusion, and, ultimately,
reduced myocardial oxygen consumption. In acute syndromes,
perfusion is also enhanced by their antiplatelet activity, which
is mediated via nitric oxide (NO) mechanisms, a property of
all nitrovasodilators. Unfortunately, tolerance develops rapidly,
particularly to high doses of nitrates, such that these med-
ications cannot be relied on to provide a sustained clinico-
pharmacologic impact.

ACE inhibitors
ACE inhibitors are potent vasodilators.Through their action on
aldosterone and antidiuretic hormone (ADH), salt and water
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reabsorption are inhibited in CHF patients. The consequent
increase in angiotensin-I levels acts to reduce norepinephrine
release by binding to sympathetic nerve terminals. Acute
administration also helps to correct myocardial β-sympathetic
insensitivity associated with CHF, reduces myocardial inflam-
mation and remodeling, and helps to restore endothelial NO
responsivity and synthesis.

Abundant evidence exists confirming the decreasedmortal-
ity benefits of these agents in the chronic patient and recently in
the asymptomatic high-risk patient as well.These agents should
be administered cautiously, however, in patients with renal dys-
function and in those who may already be volume-depleted by
concomitant diuretic administration. Additional concerns have
been raised perioperatively where ACE inhibitors may poten-
tiate the renal toxicity of aprotinin (note that aprotinin is no
longer in clinical use). Cessation is not associated with rebound
phenomena.

Nitroprusside
A potent “balanced” vasodilator, nitroprusside is administered
as an infusion. A half-life measured in minutes translates to
rapid titratability clinically. Its metabolites, although phar-
macologically inactive, are potentially toxic. Nitroprusside is
metabolized by combining with hemoglobin to form cyan-
methemoglobin and cyanide ions. The intensivist must, there-
fore, monitor for the development of metabolic acidosis and
methemoglobinemia in these patients. Although uncommon in
the acute phase (�48 hours), it is more common in patients
with renal insufficiency. Methemoglobinemia responds rapidly
to vitamin B12 and/or thiosulfate administration.

β-blockers
CHF is characterized, in part, by a chronic sympathetic hyper-
autonomic state. This has been shown to lead to a down-
regulation of myocardial β-receptor number and sensitivity
with a reduction in myocardial performance, altered myocar-
dial energetics, and reduced myocardial efficiency. This bio-
chemical and metabolic disarray can be modulated by the
introduction of low-doseβ-blockade. By affecting substrate uti-
lization, energetics are improved, allowing enhanced myocar-
dial performance. The intramyocardial inflammatory state is
also antagonized, with a reversal of myocardial remodeling.
As a result, morbidity and mortality are reduced. Importantly,
impact on morbidity and mortality appears to be drug specific,
rather than an inherent feature of all β-blockers (Table 156.1).

Nesiritide
Characterization of the physiologic actions of natriuretic pep-
tides has demonstrated that they appear to be extremely
important to cardiovascular homeostasis. Properties include
potent vasodilator activity, with preferential arterial activity via
modulation of Ca2+ through cyclic guanosine monophospate
(cGMP) and NO synthesis. They also produce renal affer-
ent vasodilatation and efferent vessel vasoconstriction that

culminates in an enhanced glomerular filtration rate (GFR).
Suppression of renin and aldosterone and modulation of sym-
pathetic activity is also evident. Most recently, modulation of
coronary artery vasculature, through NO, implicates them as
part of the myocardial paracrine response to ischemia. Stud-
ies of nesiritide have remained controversial, in part due to
the lack of any clear dose–response relationship for the agent.
These findings hindered therapeutic predictability and limited
the use of nesiritide.New evidence usingmore circumspect dos-
ing is emerging, suggesting that the peptide possesses a dose–
response relationship that warrants reinvestigation of its utility.

Inotropes
Inotropes are usually considered when end-organ damage has
evolved due to persistent hypoperfusion. Unfortunately, there
is no method to determine the inherent physiologic cost to
the myocardium (induction of ischemia) by pharmacologi-
cally induced increased performance. Therefore, the intensivist
risks stressing oxygen dynamics in an already compromised
myocardium and may exacerbate underlying ischemia and
arrhythmogenesis. Such detrimental effects were borne out
by previous trials in which morbidity was found to increase
with the administration of milrinone thus raising questions
regarding the safety of this agent in CHF. Indeed, in a recent
comparison of therapy in acutely decompensated HF patients,
nesiritide was found to be more innocuous, being associated
with less morbidity and mortality, reduced length of stay, and a
lower likelihood of readmissionwith recurrent symptomswhen
compared to treatment with milrinone or dobutamine.

Mechanical support
Intra-aortic balloon counterpulsation
Should medical therapy be unsuccessful in providing adequate
circulatory support, mechanical means may be considered.The
utility of intra-aortic balloon counterpulsation (IABP) depends
on the overall salvageability of themyocardium. In other words,
can the etiology of the refractory HF or cardiogenic shock ulti-
mately be reversed by revascularization, valve repair, or even
transplant in an appropriate candidate? IABP therapy produces
a reduction in ventricularwall tensionwith an associated reduc-
tion in myocardial oxygen demands. In fact, in those patients
undergoing emergent revascularization or acute myocardial
infarction complicated by shock, the implementation of an
IABP has been shown to be associated with a lower mortality.
Efficacy of the balloon is dependent on correct placement and
timing of insufflation and deflation. The balloon is placed just
distal to the origin of the left subclavian artery to avoid ischemic
complications. Contraindications to placement include severe
aortic regurgitation, where augmentation cannot be achieved
and the regurgitant fraction is increased.The presence of severe
atheromatous disease, aortic dissection, aortic aneurysm, and
mild aortic regurgitation are relative contraindications. The
physician must be vigilant for potential complications related
to placement of the IABP, including ischemia, vascular injury,
and bleeding. The overall complication rate is � 8%.
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Table 156.1. Large-scale, placebo-controlled mortality trials of β-blockade in HF

Effect on all-cause

Trial Drug HF severity Patients, n Target dose, mg Mortality Hospitalization

US Carvedilol (94) Carvedilol NYHA II-III 1094 6.25–50 BID ↓ 65% ↓ 27%
CIBIS-II (18) Bisoprolol EF ≤ 35; NYHA III-IV 2647 10 QD ↓ 34% ↓ 20%
MERIT-HFa Metoprolol CR/XL EF ≤ 40; NYHA II-IV 3991 200 QD ↓ 34% ↓ 18%
BEST (95) Bucindolol EF ≤ 35; NYHA III-IV 2708 50–100 BID NS ↓ 8%
COPERNICUSb Carvedilol EF ≤ 25; NYHA IV 2289 25 BID ↓ 35% ↓ 20%

NYHA, New York Heart Association; EF, ejection fraction.
From Groban L, Butterworth J. Perioperative management of chronic heart failure. Anesth Analg 2006; 103:557–575.
a Effects of controlled-release metoprolol on total mortality, hospitalization, and well-being in patients with heart failure: the Metoprolol CR/XL Randomized
Intervention Trial in congestive heart failure (MERIT-HF). MERIT-HF Study Group. JAMA 2000; 283:1295–1302.

b Effect of carvedilol on the morbidity of patients with severe chronic heart failure; results of the canvedilol prospective randomized cumulative survival
(COPERNICUS) study. Circulation 2002; 106:2194–2199.

Table 156.2 Current and emerging devicesa

General description Types onmarket Advantages Disadvantages

Extracorporeal
pulsatile

• Pump located outside
body

• Provides pulsatile flow
(compression pusher plate
surounds a reservoir of
blood and compressed by
pneumatic or compressed
air technology)

• Abiorned BVS 5000b and AB
5000b (Abiorned, Inc.: Danvers,
MA)

• Thoratec PVADb,c (Thoratec
Corp.: Pleasanton, CA )

• Wide range body types
• May provide biventricular

support
• Less expensive
• Insensitive to electromagnetic

interfenence

• Usually not discharged
to home

Extracorporeal
nonpulsatile

• Centrifugal (heart-lung
machine/ECMO)

• Continuous flow
• Often used emergently

with resuscitation

• Levitronix CentriMagb,d

(Levitronix LLC; Waltham, MA)
• TandemHeart Systemb

(CardiacAssist, Inc.: Pittsburg,
PA)

• Heart-Lung Machinesb/ECMOb

• Rapid, percutaneous access
(TandernHeart)

• Utilizes cardiopulmonary bypass
cannulae (Levitronix)d

• Operates without mechanical
bearings or seals

• Often requires patient
to be ventilated and
sedated

• Requires
anticoagulation

• Use limited to
days/week

Implantable
pulsatile

Fully or partially implanted
within the body (energy supply
and control system
extracorporeal)

• HeartMate IPc and XVEc,d

(Thoratec Corp.: Pleasanton,
CA )

• Thoratec IVADb,c (Thoratec
Corp.: Pleasanton, CA )

• Novacor IVASc,d and Novacor
IIc,d (WorldHeart Corp.: Oakland,
CA )

• May be discharged to home
• Increased mobility
• May not require anticoagulation
• Magnetically driven; completely

implantable with
transcutaneous energy system
(Novacor II)d

• Susceptible to
electromagnetic
interference

• Must have a sufficient
BSA (approximately
≥ 1.5 m2)

Implantable
nonpulsatile

Centrifugal or axial-flow pump
powered by an impellar
rotating at high revolutions per
minute

• Jarvik 2000c,d (Jarvik Heart Inc.:
New York)

• DeBakey VADc,d,e (Micromed
Inc.: Woodlands, TX)

• HeartMate II IVASb,c,d,e

(Thoratec Corp.: Pleasanton,
CA )

• CorAideb,c,d,e (Arrow
International, Inc.: Reading, PA)

• Reduced size and noise
• High flows that can provide all

or part of heart’s cardiac output
• Only one moving part

(ompellar)
• May be less expensive
• Energy efficient
• Easier to replace
• May be fully implantable

• Requires
anticoagulation

a Refer to devicemanufactures for device-specific information such as flow rates, RPMs, deviceweight etc. ECMO indicates extracorporealmembraneoxygenation;
BSA, body surface area.

b Bridge to recovery short-term use.
c Bridge to transplant.
d Investigational, in clinical trials.
e Destination therapy.
From Richards NM, Stahl MA. Ventricular Assist Devices in The Adult. Crit Care Nurs Q 2007; 30;104–18.
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Ventricular assist devices
The application of ventricular assist devices (VADs) in patients
with refractory CHF has increased with time, particularly as
recent evidence has indicated that survival and quality of life are
enhanced. Indeed, at 1 year, survival has been shown to be 52%
versus 25%with conventionalmedical therapy (P= 0.002). As a
result, the devices are usednot only as bridges to transplantation
or to facilitate heart recovery, but also as “destination” therapy.

Presently, devices are defined by position (extracorporeal
[external] pumps or implantable pumps) and by the nature of
flow (pulsatile or nonpulsatile) (Table 156.2).

VAD insertion is associated with improved myocardial
metabolic profiles. Additionally, local neurohumoral activity
and adrenergic receptor density and responsivity return, facil-
itating myocardial function. Complications include hemor-
rhage, hemolysis, sepsis,malfunction, embolic phenomena, and
infection.The lattermaypredispose toHLA sensitization.Over-
all, outcome is determined by the indication for VAD support
and the associated comorbidities.

Future therapies
Novel therapies are on the horizon for the treatment of CHF.
These therapies range from the delivery of stem cells used to
enhance myocardial recovery and healing postacute infarction
to neurohormonal manipulation. Even myocyte reprogram-
ming of energy metabolism through gene transfer therapy is
currently being investigated in the laboratory as a novel and
unique therapeutic option. All present both controversy and
promise but reflect the aggressive and imaginative pursuits
required to address a medical epidemic that challenges the
intensivist.

Summary
� CHF is a medical epidemic.
� Etiology is typically due to the advancement of coronary

artery disease.
� The pathophysiology can be considered in terms of

intrinsic myocardial and extrinsic factors. Intrinsically,
there is no longer an ability to contract and relax normally
due to inflammation, ischemia, and loss of actual
myocytes. Extrinsically, disordered neurohumoral
homeostatic mechanisms contribute to fluid accumulation
and loss of cardio–renal balance.

� There are a host of investigational tests that can confirm
CHF. None can replace clinical history and examination.

� Primary critical care therapy is always aimed at organ
preservation and salvage through oxygenation and
restoration or preservation of perfusion

� No therapy is without potential side effects. One example is
arrhythmogenesis due to inotropes.

� Try to avoid polypharmacy, which often leads to drug
combinations that are conflicting. Rationalize the use of
medications, realizing that dose response is often altered by
disease and, as the intensivist, you may have to titrate to
effect.

� Be clear with therapeutic goals and communicate closely
with the family and patient.
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Chapter

157 Sedation in the surgical intensive care unit
David A. Silver

Introduction
Most patients admitted to the surgical intensive care unit
(SICU) require analgesia as part of their treatment; many also
require sedation and anxiolysis. The medications used to pro-
vide analgesia and sedation are not without significant side
effects, however, and the intensivist must at all times bemindful
of the overall goals of care both in choosing which medications
to use and in dosing these medications.

The following recommendations are intended to apply pri-
marily to intubated patients. Although most of the medications
discussed may be safely administered to spontaneously breath-
ing patients in need of analgesia and anxiolysis, the focus of this
chapter is the effective maintenance and weaning of sedation in
the mechanically ventilated patient.

Goals of sedation
Patient safety and comfort are the two primary concerns in the
titration of sedation in the ICU. A patient is ideally sedated if he
or she lies quietly, without attempting to remove lines or tubes;
does not pose a threat to his or her own safety; and has a fairly
normal sleep–wake cycle. Several objective instruments have
been designed as tools to help guide ICU sedation, including
the Ramsay Sedation Scale and sedation–agitation scales. In our
SICUs, we use the Richmond Agitation–Sedation Scale (RASS)
(Table 157.1), which is easy to perform, has excellent inter-rater
reliability, and has been clinically well-validated. Our goal for
most patients is a RASS score of 0 to −2.

Commonly used pharmacologic agents
Analogous to the concept of a balanced anesthetic, the appro-
priate sedation regimen usually comprises a combination of
medications. Opioids and other analgesics minimize pain and
relieve a sense of dyspnea or the need to cough, both common
in patients undergoing mechanical ventilation. Central neu-
raxial and regional anesthesia techniques, in particular epidu-
ral analgesia, can be vital in ensuring patient comfort while
minimizing exposure to systemic opioids, which can contribute
to delirium. Propofol, benzodiazepines (BZDs; lorazepam and
midazolam), and dexmedetomidine add sedation and anxioly-
sis, important in critical illness, which is inherently fraughtwith

emotional stress. Traditional antipsychoticmedications, such as
haloperidol, and atypicals, such as olanzapine, risperidone, and
quetiapine fumarate, may be added to treat delirium and agi-
tation. In addition, ketamine hydrochloride, a phencyclidine
derivative, is a potent analgesic and sedative at low doses and
is a useful adjunctive agent in certain situations.

Analgesia
SICU patients have obvious needs for analgesia related to surgi-
cal procedures as well as to pain related to care (e.g., mechani-
cal ventilation, dressing changes, suctioning) and rehabilitation
(physical therapy, limited mobility). Many surgical patients,
especially those with malignancy, have chronic pain issues as
well. The approach to the agitated patient in the SICU must
begin with an assessment of analgesic requirement; under-
treated pain is common in the critically ill, especially those who
are hemodynamically unstable, and administration of adequate
analgesia can significantly reduce sedation requirements.

We begin our approach to analgesia with regional anes-
thetic options. Where appropriate and not contraindicated, our
patients have epidural catheters (especially after major tho-
racic, abdominal, or orthopedic surgery and in trauma patients
with rib fractures or pulmonary contusions). In elderly patients,
most epidural infusions contain only local anesthetic, typically
dilute bupivacaine. In younger patients, we add a small amount
of hydromorphone, but systemic levels are still far lower than
those seen with parenterally administered opioids. Nerve block
catheters may be appropriate for patients whose anticoagula-
tion status precludes central neuraxial blockade; this approach
includes the use of paravertebral catheters as well as periph-
eral nerve blocks in thoracic surgery and trauma patients.Many
of our cardiac surgery patients have pumps that continuously
infuse bupivacaine through surgically placed catheters at the
site of sternotomy. Finally, where appropriate, we often apply
transdermal lidocaine patches to identifiable sites of patients’
pain.

For enteral and parenteral analgesia, we begin with non-
opioid medications, such as acetaminophen, ketorolac
tromethamine, and ibuprofen. We supplement these medica-
tions with opioids as needed, whether via a nurse-titrated con-
tinuous infusion, intermittent dosing, or a patient-controlled
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Table 157.1. The Richmond Agitation-Sedation Scale (RASS)

Term Description Score

Aggressive Overly combative, violent, immediate danger to staff +4
Very agitated Pulls or removes tube(s) or catheter(s); aggressive +3
Agitated Frequent nonpurposeful movement, fights ventilator +2
Restless Anxious but movements not aggressive or vigorous +1
Alert + calm 0
Drowsy Not fully alert, but has sustained awakening (eye opening/eye contact) to voice (10+ seconds) −1
Light sedation Briefly awakens with eye contact to voice (under 10 seconds) −2
Moderate sedation Movement or eye opening to voice (but no eye contact) −3
Deep sedation No response to voice, but movement or eye opening to physical stimulation −4
Unarousable No response to voice or physical stimulation −5

Procedure for RASS assessment
1. Observe patient

Patient is alert, restless, or agitated. Score 0 to +4
2. If not alert, state patient’s name and instruct the patient to open eyes and look at speaker

Patient awakens with sustained eye opening and eye contact Score −1
Patient awakens with eye opening and eye contact, but not sustained Score −2
Patient has any movement in response to voice but no eye contact Score −3

3. If there is no response to verbal stimulation, physically stimulate patient by shaking or rubbing shoulder
Patient has any movement to physical stimulation Score −4
Patient has no response to any stimulation Score −5

Adapted from Ely EW, Shintani A, Truman B, et al. Delirium as a predictor of mortality in mechanically ventilated patients in the intensive
care unit. JAMA 2004; 291(14):1753–1762.

analgesia (PCA) device for the awake patient. Due to its
attractive pharmacokinetics, a fentanyl infusion is our pre-
ferred method of providing analgesia to intubated patients
with ongoing opioid requirements. Similarly, fentanyl’s rapid
onset and short duration make it the opioid of choice for
brief procedures, such as bronchoscopy, dressing changes, and
burn debridement. It is important to remember, however, that
intermittent boluses of fentanyl are generally not appropriate
for analgesia in the patient being weaned off an infusion: A
longer-lasting opioid, such as morphine or hydromorphone,
should be used to ensure consistent analgesia.

For patients with chronic opioid requirements, we continue
their home regimens as much as possible and add additional
medication for acute pain. For those who use morphine or
hydromorphone at home, we generally respond to acute pain
issues by increased doses of the medications they are already
taking. Oral-to-parenteral conversion instruments are useful
tools and are easily located on the Internet and elsewhere.

Finally, we find that a low-dose continuous infusion of
ketamine (0.1–0.3 mg/kg/h) can be an excellent supplemen-
tal agent for patients who may complain of significant pain
despite maximal opioid therapy limited by respiratory depres-
sion or other side effects or who require escalating doses of
sedatives. Ketamine provides potent analgesia without respi-
ratory depression, can significantly reduce both opioid and
BZD requirements, and can be continued through extubation
in patients weaning frommechanical ventilation. Careful mon-
itoring for hallucinations and other psychiatric side effects is
important, especially at the upper end of the infusion range; if
these develop, we decrease or stop the infusion.

Anxiolysis and sedation
Once adequate analgesia has been established, the addition of
sedatives helps the intensivist achieve the desired level of seda-
tion to ensure the patient’s comfort and safety.

The most commonly employed sedatives in the ICU are
propofol, midazolam, and lorazepam – all of which are rela-
tively inexpensive and effective. None of these drugs has any
analgesic properties, and they should not be used as sole agents
in patients who have significant pain.

Propofol (and a prodrug form currently undergoing testing,
fospropofol) is an intravenous anesthetic agent that is partic-
ularly attractive as a sedative because its short redistribution
half-life (on the order of minutes) allows for rapid lightening of
sedation to allow frequent assessment of patients’ mental status,
which is particularly useful in patients with neurologic injuries.
In addition, daily lightening of sedation (a sedation “holiday”)
has been demonstrated to reduce duration of mechanical ven-
tilation and ICU stay and is easily achieved with propofol
sedation.

In contrast to the other sedative agents discussed later in
this chapter, propofol is primarily a general anesthetic agent
that has sedative effects at low doses. For its safe use and titra-
tion, it should be administered only by persons experienced in
its use.

Disadvantages of the use of propofol include pain on
peripheral injection, hypotension (at least in part due to dose-
dependent vasodilatation), elevated serum triglycerides with
long-term infusion, and risk of infection and bacterial con-
tamination of the emulsion. A rare but serious complication,
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propofol infusion syndrome, has been described in patients
undergoing long-term propofol infusion at high doses. Promi-
nent features of the syndrome include cardiac and renal
failure, rhabdomyolysis, and severe metabolic acidosis, and
it has been reported most frequently in patients (espe-
cially children) receiving corticosteroids and catecholamines in
addition to propofol. Clinicians should be cautious in admin-
istering high doses of propofol (in the range of 5 mg/kg/h) for
�48 hours, especially in patients receiving these concomitant
medications.

Propofol is initially redistributed to peripheral tissues, then
metabolized in the liver via the cytochrome P450 system
(CYP450) to inactive conjugates that are renally excreted. Sig-
nificant hepatic dysfunction may lead to prolonged effects, but
if infusions are titrated via the RASS, hepatic and renal dysfunc-
tion often do not mandate significant dosing adjustments.

BZDs, in particular lorazepam and midazolam, have long
been mainstays of ICU sedation as they are potent anxiolytic
and sedative agents. These drugs exert their effects primarily
through binding to inhibitory � -aminobutyric acid (GABA)-
A receptors (as does propofol), have anticonvulsant properties,
and can be used to treat the withdrawal syndrome associated
with ethanol dependence.

Midazolam traditionally has been used in short-term seda-
tion, whereas lorazepam, historically less expensive and with
a longer half-life, has been used for long-term sedation. Each
has advantages and disadvantages: Midazolam is a more potent
amnestic agent, a “hypnotic” BZD, whereas lorazepam is pri-
marily an “anxiolytic” BZD. Although the amnestic effect of
midazolam may be initially desirable in critically ill patients, it
may contribute to disorientation and the development of delir-
ium over time. The long half-life of lorazepam can be a dis-
advantage in attempts to lighten sedation, and its preparation
in a base of propylene glycol can lead to toxicity and acidosis
when administered over time at high doses.Midazolam can also
demonstrate prolonged sedative effects, however, particularly in
elderly patients and in patients with hepatic dysfunction, and
the variability of the effects of midazolam is greater than that
seen with lorazepam.

Midazolam has useful properties as a long-term infusion
or when bolused for procedures (rapid onset, rapid offset), but
like fentanyl, it is inappropriate to use bolus administration for
sedation in the patient being weaned from mechanical venti-
lation; however, abrupt withdrawal after long-term infusion of
BZD is well-described and should be avoided. A smooth tran-
sition may be accomplished by switching from midazolam to
propofol approximately 24 hours before the anticipated dis-
continuation of sedation or by initiating a tapered regimen of
intermittent doses of lorazepam after the discontinuation of the
midazolam infusion (because the goal is to prevent withdrawal
symptoms, not to provide ongoing sedation).

Midazolam and lorazepam are both metabolized via
CYP450 and excreted in the urine. Significantly impaired hep-
atic or renal function should lead the clinician to reduce the
doses used or to select another sedative agent.

Dexmedetomidine, a highly specific α2-agonist with
both anxiolytic and analgesic properties, is quickly gaining
acceptance in ICU care and in many ways has begun to revolu-
tionize the approach to ICU sedation.The use of dexmedetomi-
dine requires an initial paradigm shift regarding the perception
of adequate sedation: Whereas patients receiving opioids plus
propofol or BZDs are often asleep or unresponsive (RASS �
−2), patients receiving dexmedetomidine are commonly awake
and respond to questions and commands. Appropriate dosing
means that the patient is not uncomfortable, trying to remove
lines or tubes, or expressing pain. Many critical care nurses
at first find dexmedetomidine anxiolysis to be disquieting,
perceiving it as inadequate sedation, but with experience they
come to prefer it as facilitating patient assessment and avoiding
overmedication.

Although dexmedetomidine is significantly more expen-
sive per dose than propofol, midazolam, or lorazepam, it
has recently been shown in mechanically ventilated patients
to result in more days alive without delirium or coma than
lorazepam, with no overall increase in cost, adding to litera-
ture showing the agent to be cost-effective when overall costs of
hospitalization are considered. Dexmedetomidine is US Food
and Drug Administration (FDA)-approved for 24 hours of use
at doses up to 0.7µg/kg/h, although longer infusions and higher
doses have both been documented to be well-tolerated. Com-
mon side effects include initial hypertension and bradycardia
with rapid bolus dosing (avoided by administering the initial
loading dose [1µg/kg] over 30–45minutes), followed by brady-
cardia and hypotension during the maintenance phase.

In contrast to propofol and opioid–BZD combinations,
dexmedetomidine is not a respiratory depressant.Thismakes its
use in nonintubated patients safer than use of the other agents
and allows for weaning and discontinuation of mechanical ven-
tilation without adjusting or stopping the sedative/analgesic
agent, which may enhance patient comfort and smooth the
transition to spontaneous, unassisted ventilation.

Like propofol and the BZDs, dexmedetomidine undergoes
hepatic CYP450 metabolism and renal excretion, and dosing
should be carefully adjusted to clinical targets in patients with
significant dysfunction of these organs.

Ketamine is a useful adjunct to sedative as well as anal-
gesic medications. We add it to the regimen when the standard
approach is not providing adequate analgesia and sedation, and
wean it in parallel with other medications or with the develop-
ment of undesirable side effects, especially delirium. Ketamine
has sympathomimetic effects, which can be especially problem-
atic in patients with significant cardiovascular disease, and, like
the sedatives listed earlier in text, dosing should be reduced in
patients with significant hepatic and renal dysfunction.

Processed electroencephalograph
monitoring
For patients whose condition requires the administration of
neuromuscular blockers (NMBs), which preclude traditional
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Feature 1
Acute Onset of Changes or

Fluctuations in the Course of Mental Status

Feature 2
Inattention

Feature 3
Disorganized

Thinking

Feature 4
Altered Level

of Consciousness

Delirium

The diagnosis of delirium requires the presence of
acute onset of changes or fluctuations in the course
of mental status, and inattention, and either disorga-
nized thinking or an altered level of consciousness.

AND

AND EITHER

OR

Figure 157.1. Flow diagram of CAM-ICU. From Ely EW, Inouye SK, Bernard
GR, et al. Delirium in mechanically ventilated patients: validity and reliability
of the confusion assessment method for the intensive care unit (CAM-ICU).
JAMA 2001; 286(21):2703–2710.

assessment of adequacy of sedation through patient movement
and interaction, the processed electroencephalograph (EEG)
score provided by the BIS monitor (Aspect Medical Systems,
Newton, MA) or similar devices can be helpful in reassuring
clinicians that the patient’s level of sedation is adequate and that
recall is unlikely to occur.

Delirium in the ICU
ICU delirium (also referred to as acute brain dysfunction) is an
increasingly appreciated contributor tomorbidity andmortality
in critically ill patients, with a prevalence of up to 85% and long-
term implications for patient outcomes. Hyperactive delirium,
formerly known as “ICU psychosis,” is more dramatic but less
common than hypoactive delirium (characterized by negative
symptoms [inattention, flat affect]), which is associated with a
worse prognosis. Delirium is more common in the elderly pop-
ulation and among patients with underlying neurologic disease,
and its causes are multifactorial. Frequent assessment for the
presence of delirium as well as efforts to minimize patients’
exposure to medications known to cause delirium should be
part of daily rounds.

To screen for delirium, we combine the RASS with the Con-
fusion Assessment Method for the Intensive Care Unit (CAM-
ICU) tool (Fig. 157.1 and Table 157.2), administered at least
once per shift by our critical care nurses.

Restoring a normal sleep–wake cycle is important in pre-
venting or treating delirium, and this restoration may be
approached in various ways. Nocturnal ambient lighting in the
ICU should be reduced to a minimum, as should noise and
other stimuli. The administration of a sedating psychoactive
medication at bedtime (trazodone, olanzapine, quetiapine) can
help patients fall asleep without the disruption of delta-wave
sleep and risk of delirium associated with the use of BZDs.
Propofol anesthesia has been shown to be restful and to share
EEG traits with normal sleep, and we sometimes use noctur-
nal propofol infusions to help our critically ill patients “sleep”
at night.

Finally, the conventional antipsychotic medication halo-
peridol remains a mainstay in the treatment of ICU delir-
ium, particularly in agitated patients, and has been joined in
recent years by the atypical antipsychotic medications men-
tioned earlier in this text. Haloperidol has the advantage of
easy intravenous or intramuscular administration, which is

Table 157.2. The Confusion Assessment Method for the Intensive Care
Unit (CAM-ICU) part i

1. Acute onset or flucuating course
Is there evidence of an acute change in mental status from the
baseline?

Or, did the (abnormal) behavior fluctuate during the past 24 hours, that
is, tend to come and go or increase and decrease in severity as
evidenced by fluctuations on the Richmond Agitation Sedation Scale
(RASS) or the Glasgow Corna Scale?

2. Inattention
Did the patient have difficulty focusing attention as evidenced by a
score of less than 8 correct answers on either the visual or auditory
components of the Attention Screening Examination (ASE)?

3. Disorganized thinking
Is there evidence of disorganized or incoherent thinking as evidenced
by incorrect answers to 3 or more of the 4 questions and inability to
follow the commands?
Questions:

1. Will a stone float on water?
2. Are there fish in the sea?
3. Does 1 pound weigh more than 2 pounds?
4. Can you use a hammer to pound a nail?

Commands:
1. Are you having unclear thinking?
2. Hold up this many fingers. (Examiner holds 2 fingers in front of

the patient.)
3. Now do the same thing with the other hand (without holding

the 2 fingers in front of the patient)
(If the patient is already extubated from the ventilator, determine
whether the patient’s thinking is disorganized or incoherent, such as
rambling or irrelevant conversation, unclear or illogical flow of ideas, or
unpredictable switching from subject to subject.)

Adapted from Ely EW, Inouye SK, Bernard GR, et al. Delirium in mechani-
cally ventilated patients: validity and reliability of the confusion assessment
method for the intensive care unit (CAM-ICU). JAMA 2001; 286(21):2703–
2710.
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Table 157.3. Summary points on management of delirium in the ICU

Monitor delirium regularly in ICU patients using a valid, reliable tool (e.g.,
the Delirium Screening Checklist or the CAM-ICU). Remember that the
most is hypoactive and will be missed if not actively “looked for.”

Discuss results of delirium assessments on all petients daily on
interdisciplinary rounds.

Identify patients with a high number of risk factors for the development or
persistence of delirium (e.g., electrolyte imbalance, fever, addition of new
medications; especially those with anticholinergic properties,
uncontrolled pain, new onset of congestive heart failure or nosocomial
infection, prolonged immobility and restrain use, sleep/wake cycle
disturbance).

Review sedation and analgesia therapy, and ensure that the patient is
receiving the minium doses needed to achieve comfort, reading that
narcotics are often used for the double effect of analgesia and sedation.
Implement strategies for tight titration (e.g., nurse-driven,
patient-targeted sedation delivery with daily sedation vacations).

Consider the benefit and risk profile of adding medications that might
spare the use of sedatives and avoid respiratory suppression (e.g.,
haloperidol or atypical antipsychotics).

Adapted from Pun BT, Ely EW. The importance of diagnosing and managing
ICU delirium. Chest 2007; 132:624–636.

useful in the agitated patient, although the risk of QT prolon-
gation and precipitation of torsades de pointes, a potentially
lethal arrhythmia, must be recognized and the electrocardio-
gram (ECG) monitored. Our preference is to avoid the use
of antipsychotic medications, but when their administration is
deemed necessary, we use haloperidol in patients who require
parenteral administration, and switch to enterally administered
atypical medications as soon as possible, basing our choice on
desired attributes, such as degree of sedation, and so forth.
For a summary of management of delirium in the ICU, see
Table 157.3.

The ICU patient in the operating room
Critically ill patients may require various surgical procedures,
from the relatively minor (tracheostomy and percutaneous
enteral access) to more significant (exploratory laparotomy,
wound debridements, completion of staged procedures). The
anesthesiologist will often find it easiest to continue the patient’s
existing regimen through the operating room course, integrat-
ing it into the general anesthetic plan, as long as the patient’s
clinical stability allows it. Often the anesthesiologist will simply
add a small amount of volatile anesthetic and an NMB to the
ICU sedation regimen to achieve an adequate balanced anes-

thetic. For longer procedures, itmay bemore appropriate to sus-
pend the ICU sedation during the general anesthetic and restart
it for the return to the ICU.

Weaning sedation
As mentioned previously, a daily wake-up test has been shown
to improve outcomes in sedated, critically ill patients. A
ventilator bundle, which includes frequent reassessment of the
patient’s readiness to separate from mechanical ventilation,
should also drive a regular assessment of the ability to lighten
or discontinue sedation. Critically ill patients metabolize and
recover from the effects of sedatingmedications differently over
time, and frequent reassessment of mental status and depth of
sedation are critical to avoiding overmedication and its atten-
dant ill effects, including prolonged ventilation and ICU stay,
increased risk of ventilator-associated pneumonia and acute
brain dysfunction, and poor long-term outcome. The increas-
ing use of validated sedation scales, delirium screening tools,
and algorithm-driven sedation and ventilator weaning proto-
cols have all helped to improve outcomes in critically ill patients.
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Chapter

158 Weaning frommechanical ventilation
Maxwell Weinmann

There is little agreement regarding the optimal method for
weaning patients from mechanical ventilator support. No sin-
gle mode has been identified as ideal for this purpose other
than that which achieves optimal patient comfort while not sac-
rificing gains in oxygenation and ventilation made during the
acute illness. Indeed, it has been estimated that some patients
spend approximately 40% of their ventilator time committed to
the weaning process. Additionally, the literature is replete with
the search for indices which can predict patient weaning capa-
bility from mechanical ventilation; however, a gold standard
has yet to emerge. It is not surprising therefore that no single
test has supplanted clinical evaluation, possibly because such
tests represent physiologic “snapshots” rather than an evalua-
tion of pulmonary reserve. The capacity to wean is not merely
a function of pulmonary status but is a codependent dynamic
process affected by fluid balance, cardiac function, neurologic
status, coexistent abdominal pathology, and associated therapy
(such as sedatives), to name a few. This has led some clinicians
to challenge the practicality of such indices which are consid-
ered to be only modest predictors of the need for reintubation,
tracheostomy and mortality, and in some cases thought only to
prolong the weaning process.

In light of the ongoing confusion, a collaboration among the
American College of Chest Physicians, the Society of Critical
Care Medicine, and the American Association of Respiratory
Physicians produced evidenced-based guidelines for weaning
from mechanical ventilation.

Pathology of ventilator dependence
All aspects of the underlying disease which necessitated intuba-
tion, potential reversibility, and associated complications must
be identified and treated. Prolonged mechanical ventilation
may be associated with ventilator-induced lung injury, respira-
tory muscle deconditioning, pneumonia, tracheal injury, pro-
longed sedation, and so forth. Removal from ventilatory sup-
port, must be balanced against the patient’s ability to protect
his/her airway, clear secretions, demonstrate a consistently clear
sensorium, maintain hemodynamic stability, and cope with
the often increased work of breathing. For example, regarding
the latter, many patients with underlying chronic obstructive
pulmonary disease (COPD) develop a compensated hypercap-
nic acidosis during their acute illness that persists in the recov-

ery phase despite ventilatory support. Acetazolamide has been
used in these cases to produce a metabolic acidosis to stimu-
late respiratory drive. The potential for success of such a strat-
egy, however, is a function of the underlying physiologic reserve
of the patient. The physiologic cost of “normalizing” gas val-
ues often translates to increased work of breathing, which may
not be sustainable due to diminished pulmonary reserve. This
may be secondary to incomplete resolution of the patient’s ill-
ness, respiratory muscle deconditioning, and/or complicating
pathology. This approach has had limited success and demon-
strates the potential dangers of “treating the numbers.”

Assessing patient potential to wean
With resolution of the acute phase of the illness and stabi-
lization of the patient, the clinician must determine if those
factors necessitating implementation of mechanical ventilation
have resolved sufficiently for the commencement of weaning.
This determination is fraught with clinical subjectivity and the
absence of any clear predictor.

Today, central to the success of liberating patients from ven-
tilator support is regular andmeticulous clinical assessment. The
following indices have been developed and tested, with varying
successes, for the ventilator weaning process (Table 158.1).

Frequency-to-tidal volume ratio: rapid shallow
breathing index (RSBI)
Application of this parameter is based on the observation that
those patients who failed weaning demonstrated increasing res-
piratory rates with declining tidal volumes. Although the sen-
sitivity and specificity of this parameter have varied within the
literature, it remains among the most common evaluations and
is considered quite reliable. A threshold of approximately 100
breaths/min/L is becoming generally accepted as predictive of
successful weaning. Clinical reliability, however, will depend on
additional factors, such as the presence or absence of ongoing
support, the level of support, the size of the endotracheal tube,
and so forth.

Minute ventilation
Normal minute ventilation is approximately 6 L/min. Its use
as a predictor of weanability has a sensitivity and specificity of



Part 28 – Intensive Care Unit

Table 158.1. Selected recommendations from the ACCP–SCCM–AARC Evidence-Based Weaning Guidelines Task Force

Recommendation 1: Patients receiving mechanical ventilation for respiratory failure should undergo a formal assessment of discontinuation potential if the
following criteria are satisfied:

1. Evidence of some reversal of the underlying cause of respiratory failure
2. Adequate oxygenation: PaO2/FiO2 150–200 mm Hg, required PEEP ≤ 5–8 cm H2O, FiO2 ≤ 0.4–0.5, and pH ≥ 7.25
3. Hemodynamic stability as defined by the absence of clinically important hypotension and requiring no vasopressors or only low-dose vasopressors (e.g.,

dopamine or dobutamine < 5 µg/kg/min)
4. Patient is able to initiate an inspiratory effort

The decision to use these criteria must be individualized. Some patients who do not satisfy all the criteria may, nevertheless, be ready for an attempt to
discontinue mechanical ventilation.

Recommendation 2: Formal discontinuation assessments should be done during spontaneous breathing rather than while the patient is still receiving
substantial ventilatory support. An initial brief period of spontaneous breathing can be used to assess the patient’s ability to do a formal SBT.
Criteria to assess patient tolerance during SBT are the respiratory pattern, adequacy of gas exchange, hemodynamic stability, and subjective comfort. Patients
who tolerate a 30- to 120-min SBT should promptly be considered for ventilator discontinuation.

Recommendation 3:With patients whose ventilatory support has been successfully discontinued, the decision of whether to remove the artificial airway
should be based on assessment of airway patency and the patient’s ability to protect the airway.

Recommendation 4: If the patient fails an SBT, determine the reasons the patient continues to require ventilatory support. When the reversible causes of
failure are corrected, an SBT should be performed every 24 h.

Recommendation 5: Patients who fail SBT should receive a stable, nonfatiguing, comfortable form of ventilatory support.

Recommendation 6:Weaning/discontinuation protocols designed for nonphysician clinicians should be developed and implemented by ICUs. Protocols
should aim to optimize sedation.

Recommendation 7: Critical care practitioners should be familiar with facilities in their communities or units in their hospital that specialize in managing
patients who suffer prolonged ventilator dependence, and practitioners should stay abreast of peer-reviewed reports from such units. When medically stable
enough for transfer, patients who have failed discontinuation attempts in the ICU should be transferred to facilities that have demonstrated success and safety
in accomplishing ventilator discontinuation.

Recommendation 8: Unless there is evidence of clearly irreversible disease (e.g., high spinal cord injury, advanced amyotrophic lateral sclerosis), a patient who
requires prolonged ventilatory support for respiratory failure should not be considered permanently ventilator-dependent until 3 months of weaning attempts
have failed.

Recommendation 9:With a patient who requires prolonged ventilation, the weaning should be slow paced and should include gradually lengthening SBTs.

ACCP, American College of Chest Physicians; SCCM, Society for Critical Care Medicine; AARC, American Association for Respiratory Care; PaO2/FiO2, ratio of arterial
partial pressure of oxygen to fraction of inspired oxygen; SBT, spontaneous breathing trial.
Adapted from Meade M, Guyatt G, Cook D, et al. Predicting success in weaning from mechanical ventilation. Chest 2001; 120(6 Suppl):400S.

approximately 0.96 and 0.47, respectively, and while considered
to be a reflection of the potential of the patient to deal with a
respiratory burden, it nevertheless has to be placed in the per-
spective of how the patient achieves it. In other words, if the
minute ventilation is�6 L/min but predominantly due to a high
respiratory rate, then sustainability and potential for successful
weaning must be questioned.

Vital capacity
Vital capacity is not considered particularly reliable as it
depends, in part, on patient cooperation and does not correlate
with sustainability.

Maximum inspiratory pressure
Measurements of this parameter demonstrate substantial vari-
ability, and it has not become clearly established as a reliable
guide for weaning. The ratio of the inspiratory pressure to the
airway occlusion pressure has been proposed as more reliable
(the latter reflecting ventilatory drive and muscle strength), but
requires further assessment.

Work of breathing
Typically, indirect markers have been used as surrogates of
work of breathing, such as respiratory rate, use of accessory

muscles, and tachycardia. Direct measures have proven to be
rather cumbersome and clinically impractical. A definitive pre-
dictive value has remained elusive. Consequently, the interac-
tions between Compliance, Respiratory rate, Oxygenation and
inspiratory Pressure have been proposed as an alternative, the
the so-called CROP index. Its clinical utility remains to be
determined.

Arterial blood gases
Contrary to what might be expected, arterial blood gas values
have not been shown to correlate with weanability, despite their
reflection of underlying gas exchange capacity. One would not
attempt, however, to reduce the level of support and consider
weaning if hypoxia and/or hypercapnia were ongoing issues.

Overall
No single parameter has been shown to be the gold standard
by which successful weaning and liberation from mechani-
cal ventilation can be predicted. Nor has any been shown to
impact on or predict in-hospital mortality, extubation failure,
or need for tracheostomy.The key to effectiveweaning is regular
assessment of the patient’s comfort, in close collaboration with
intensive care unit (ICU) nursing staff and respiratory thera-
pists, and individualized care tempered by clinical perspective
(Fig. 158.1).
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Reserves
Support

Demands
• Pressure loads
  CLT
  RAW
• Ventilation loads
  VA ( VCO2, VO2)
  VD
• Imposed loads

Capabilities
• Neural drive
• Muscle function
    Strength
    Endurance

No reserve

Mechanical
ventilation needed
(intolerable load)

Spontaneous
ventilation possible

(tolerable load)

Normal reserve

Figure 158.1. Determinants of need for mechanical ventilatory support.

Weaning strategies
A key to determining the appropriateness and success of a
particular mode of support during weaning is patient com-
fort. A balance must be achieved between patient demand and
the level of support. This should be achieved in the absence
of distress and deterioration in physiologic function and ther-
apeutic gains that accompany change in ventilator settings.
Patient synchrony, indirect markers of work of breathing, car-
diovascular status, oxygenation and ventilation status must be
regularly evaluated to avoid the onset of fatigue and derecruit-
ment. Potential traps include “treating the numbers” (e.g., when
patients demonstrate abnormal blood gases but are nonethe-
less well compensated despite diminished pulmonary reserve).
Many algorithmshave been proposed to achieveweaning.These
algorithms vary from regularly exercising the respiratory mus-
cles, to rapidly reducing support to avoid respiratory muscle
deconditioning, to T-tube trials and extubation. No single
approach has been shown to be superior to another. The physi-
cian must, therefore, tailor a therapeutic strategy based on
patient capabilities. Clearly, the respiratory reserve of a patient
with an uncomplicated drug overdosemay allow rapid weaning
to extubation, whereas a patient with Guillain–Barré syndrome
provides an ongoing challenge of progressive slow reduction in
support during neurologic recovery and rehabilitation. Simi-
larly, basing weaning to an acceptable respiratory rate of 18 to
24 may be impossible in a patient who has developed restric-
tive lung physiology following severe acute respiratory distress
syndrome (ARDS).

Traditional weaning methods
Pressure support
Pressure support ventilation (PSV) is a pressure targeted, or
limited, mode supporting each patient breath in a synchro-

nized fashion. Detection of the onset of inspiration is either
by the generation of a negative pressure or a rapid increase in
flow, whereas the onset of expiration is indirectly heralded by
a reduction in inspiratory flow. It is the patient who regulates
rate and has partial control over tidal volume. PSV has been
shown to efficiently reduce work of breathing as evidenced by
increased tidal volumes, reduced respiratory rates, and paral-
lel reductions in transdiaphragmatic pressure swings. Support
is not necessarily linear, such that above a certain pressure,
volume increments are not as great, and work of breathing is
not decreased. To wean, therefore, the physician must establish
sustainable patterns of respiratory rate and tidal volume con-
firming that patient comfort may be achieved. If successful, a
strategy of progressive scheduled reductions in support can be
instituted until extubation is accomplished while the patient is
closelymonitored. It is important to recall that this includes reg-
ular blood gas analysis, as pulse oximetry is not a measure of
ventilatory status.

Synchronized intermittent mandatory ventilation
In this mode, an underlying mandatory rate is set, at a fixed
volume. The rationale is that the patient’s respiratory muscles
are progressively exercised and reconditioned during sponta-
neous effort, while resting duringmandatory breaths. Typically,
the mandatory rate is gradually reduced as the patient’s work
progressively increases to the point of extubation. Pressure sup-
port has recently been added to the spontaneous cycle to further
assist in patient work of breathing. Evaluation of this mode has
shown, however, that the theoretical impact on work of breath-
ing is not borne out in practice and that effort is similar in both
assisted and unassisted breaths. This has been attributed to the
inability of the respiratory center to adapt to breath-to-breath
changes in work load, culminating in ventilator dyssynchrony
and respiratory muscle fatigue.

Spontaneous breathing trials
T-piece weaning is the oldest weaning technique. It consists of
the initiation of progressively increasing intervals of sponta-
neous breathing while the patient is connected to a T-piece cir-
cuit consisting of a high flow, humidified gas source. During
the evaluation, the patient is not connected to the ventilator,
hence the term spontaneous breathing trial. Typically, evaluation
was based on repeated efforts over hours; however, the current
understanding that respiratory muscle recovery requires app-
roximately 24 hours has limited such trials to once a day for
periods of less than 2 hours.

Currently, spontaneous breathing trials are the recom-
mended final step in the weaning process and for evaluating
patient readiness for extubation.These aremost commonly per-
formed while the patients are on the ventilator. This provides
the advantage that all parameters of respiration can be con-
tinuously monitored and evaluated during the weaning pro-
cess. Such trials are performed once daily and only for eligi-
ble patients who meet standard criteria (RSBI�105, adequate
oxygenation [PaO2�60 mm Hg on FiO2 of 40%, presence
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of spontaneous effort for breathing, PEEP�5-10, PaO2/FiO2
�300], stable cardiovascular status, T�38◦C, no significant
respiratory acidosis, adequate mentation, no other contraindi-
cations [such as intracranial hypertension, etc.]). When per-
formed via the ventilator, the patient is placed on continuous
positive airway pressure (CPAP)modewith activation of alarms
providing additionalmonitoring benefits. On occasion, positive
end-expiratory pressure (PEEP) has been added to compensate
for the perceived loss of any physiologic PEEP, but in reality is
of no benefit and counterintuitive to our current understanding
of respiratory physiology.

Role of PEEP
Conventionally, PEEP is used as a tool to optimize oxygenation
by alveolar recruitment. It is therefore considered more physi-
ologic than merely increasing FiO2 by achieving greater homo-
geneity within the lung. It does so at some cost, however, and
may potentially impact on cardiovascular function by imped-
ing venous return and therefore cardiac output. This impact is
in part dependent on lung compliance and may be estimated
by esophageal pressure measurements and fluctuations in the
central venous pressure (CVP). The more compliant the lung,
the more likely it is that pressure changes will be transmitted to
the central veins. PEEP has also been purported to potentially
increase intracranial pressure (ICP); however, this increase can
only occur when venous pressure exceeds intracerebral tissue
pressure.

In terms of its relationship toweaning, PEEP can also impact
on work of breathing. This is particularly true in patients with
obstructive lung disease who demonstrate gas trapping due
to delayed expiration, with a failure to exhale down to func-
tional residual capacity (FRC) of the lung. As volume accu-
mulates, expiratory pressure increases and effectively splints
open the airways until a new equilibrium is reached at both
a higher overall pressure and FRC. The resultant pressure is
termed auto PEEP, or intrinsic PEEP, as it acts much in the
same way as extrinsic or ventilator-derived PEEP. At end expi-
ration, total PEEP is therefore the sum of both these values: one
set by the operator, the other, an inadvertent consequence of
impaired exhalation, due to intrinsic lung and/or airway disease
or an inappropriate adjustment of inspiratory and/or expiratory
times. In weaning such a patient, airflow will not commence
until the intrinsic pressure is exceeded. This becomes an added
respiratory muscle load and increases the work of breathing,
thereby hampering weaning unless the physician is vigilant for
its presence. This may be clinically apparent as ventilator asyn-
chrony or dyspnea, as there is a delay between overcoming auto-
PEEP and triggering the ventilator.

Overall assessment of traditional methods
Studies have failed to demonstrate the superiority of any par-
ticular mode over another in terms of successful extubation,
in-hospital mortality, ventilator-associated complications, or
the requirement for reintubation. The key is patient comfort

and titrating weaning parameters in a physiologically sensitive
manner. This translates to the clinician’s assessment of the
patient’s underlying respiratory reserve and the patient’s
response to reduced support, in collaboration with respiratory
therapists and ICU nursing staff.

Newmodes of ventilation
Some new modes of ventilation may ease the process of wean-
ing due to their enhanced responsiveness to the patient’s needs.
However, it is yet unclear if these new modes can help shorten
the time patients spend on the ventilator.

Tube compensation
Tube compensation was designed to overcome the problem of
breathing against the resistance of an artificial airway and its
accompanying work load. The flow resistance qualities of the
endotracheal tube size are known and are associatedwith a pres-
sure drop across the length of the tube during inspiration. The
ventilator, in turn, compensates for this pressure drop, making
tracheal pressure constant, depending on the degree of assist
required by the patient (100% and lower). Potentially, thismode
enhances patient ventilator synchrony, increases patient com-
fort, reduces risk of gas trapping (through expiratory resistance
by the tube), and reduces respiratory muscle fatigue.

Proportional assist
The level of assistance in this new mode of ventilation is pro-
portional to patient effort and is therefore a positive feedback
loop.The patient determines pressure, flow, and volume, which
are then amplified according to clinical assessment. This mode
is considered by some investigators to be more physiologic but
its superiority as a support and a weaning mode has yet to be
demonstrated.

Mandatory minute ventilation
Mandatory minute ventilation was one of the earliest forms of
closed loop ventilation support.The clinician presets minimum
minute ventilation; should the patient be unable to achieve
or maintain it, the ventilator augments support by increas-
ing either respiratory rate or tidal volume (depending on the
machine). Alternately, if the patient begins to exceed the mini-
mum preset level, support diminishes. Unfortunately, the ven-
tilator is indifferent to how minute ventilation is achieved, so
that 10 breaths per minute of 450 ml each would be viewed as
identical to 30 breaths per minute of 150 ml each.

Airway pressure release ventilation
Two levels of positive pressure are applied for preset times; the
high pressure dictates lung volumes during inhalation, which
is longer in duration than exhalation (and is therefore a form
of inverse ratio ventilation), whereas the lower pressure is the
exhalation baseline. Due to the very short duration of the expi-
ratory phase, the lung does not completely deflate such that
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auto PEEP maintains alveolar recruitment. The patient may
breathe spontaneously during the inspiratory phase, but no
additional support is provided, unlike bilevel ventilation (see
below). This mode, despite being an inverse ratio, is well toler-
ated by patients.

Bilevel ventilation
Unlike airway pressure release ventilation, bilevel ventilation
is not necessarily an inverse mode, although it is an option
depending on the inspiratory time, which the clinician may
determine. It may be easier to consider bilevel ventilation as a
pressure-regulated synchronized intermittent mandatory ven-
tilation (SIMV) mode that runs in the background, while any
additional spontaneous breaths may be supported by the addi-
tion of pressure support. Weaning is achieved by a reduc-
tion in the mandatory rate and high pressure level (which
determines tidal volume) with a transition to pure pressure
support.

Pressure-regulated volume control and/or
volume support
Here a set tidal volume is predetermined by the clinician while
the ventilator delivers the volume to a maximum pressure level;
in other words, it is volume targeted and pressure regulated.The
ventilator delivers a pressure-controlled breath to calculate the
patient’s lung compliance. Based on this calculation, the venti-
lator delivers the appropriate pressure to generate the desired
volume. The ventilator will continue to titrate pressure to vol-
ume within its set pressure range. If the rate is set, the mode is
identified as “volume control,” while if the rate is determined
solely by the patient, it is termed “volume support.” Although
this method is attractive, if the patient increases tidal volume in
response to worsening of the underlying pathology, the ventila-
tor will interpret this increase as an improvement in lung status
and consequently reduce support.

Assessment of new weaning modes
Many new modes incorporate a closed loop system in which
the ventilator reacts to changes in a target variable by the initi-
ation of a rapid compensatory response (as in volume support,
mentioned earlier in text). These techniques are therefore con-
sidered to be more physiologic than traditional methods, and
hold promise. Their overall superiority in terms of weaning, or
reducing the time spent on the ventilator, remains to be deter-
mined.

Extubation
After the patient has demonstrated that he or she meets wean-
ing criteria, extubation follows. The clinician must be wary of
the facts that such criteria (as outlined earlier in the text) do
not necessarily correlate with sustainability of liberation from

the ventilator and that close monitoring must continue if rein-
tubation is to be avoided. Additionally, problems may surface
that were not readily apparent during weaning, such as sub-
glottic edema, postextubation laryngospasm, and aspiration, to
name a few. Edema and laryngospasm often respond to neb-
ulized racemic epinephrine, and the risk of aspiration may be
diminished by discontinuing feeds prior to extubation. Some
clinicians also perform a cuff leak test to evaluate postextuba-
tion airway patency. This test has not been shown to be reliable
because leak volume is also a function of system compliance,
inspiratory flow, and expiratory resistance.

For those patients who still struggle postextubation, non-
invasive positive pressure ventilation may be a temporizing
measure rather than resorting to immediate reintubation. To
be effective, however, the patient must be cooperative, anxiety
should be minimal, the patient must have an effective cough,
secretions should be minimal, and the condition that necessi-
tates the ventilator support has to be reversible in the short term
(hours to days). Finally, nonrespiratory factors should always be
evaluated and treated in the patient who either struggles tomeet
extubation criteria or develops respiratory distress on extuba-
tion as outlined in Table 158.2.

Tracheostomy
Tracheostomy should be considered when it is evident that the
patient requires either long-term ventilator support or airway
protection, despite the capacity towean, and is at risk of ongoing
aspiration. Tracheostomies may be performed either surgically
or at the bedside using the percutaneous technique.The patient
may be reassured that comfort and tolerance of an artificial air-
way is greater with a tracheostomy and that it is not necessarily
permanent and can be easily removed when normal respiratory
function returns.

Summary
� As yet, no particular method has emerged as the gold

standard for successful patient weaning.
� Similarly, there is no ideal index of weanability.
� Indices reflect moments in time rather than a true

assessment of respiratory reserve and the capacity to
remain extubated for a protracted period.

� Liberating the patient from mechanical ventilator support
requires regular and meticulous assessment of the patient’s
readiness to separate from the ventilator, and observation
postextubation.

� Weaning presupposes that the acute precipitating event has
resolved.

� Weaning is a collaborative effort involving the physician,
respiratory therapist, ICU nursing staff, and the patient.

� Patient comfort is the key that dictates the methodology
and rate of declining support.

� Clinical acumen determines timing, avoidance of
complications, and reversibility of confounding factors.
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Table 158.2. Nonrespiratory factors in weaning patients from mechanical ventilation

Category Factor Mechanism Clinical presentation

Cardiac status Acute left-ventricular
failure

Inreased preload because of increased
venous return and decreased pulmonary
capillary compression as intrathoracic
pressure is reduced

Patient fails weaning, often after initially doing well for 30-60
minutes; may develop acute respiratory and/or metabolic
acidosis, hypoxernia, hypotension, chest pain, and cardiac
dysrhythmias

Acid-base status Acute alkalosis in patient
with underlying carbon
dioxide (CO2) retention

Loss of preexisting metabolic
compensation for hypercapnia; inability to
sustain required VE and WOB

Patient with COPD or other cause of chronic respiratory
acidosis before acute insult fails weaning after several days of
ventilation to a PCO2 lower than the patient’s
pH-compensated level

Respiratory alkalosis Depression of ventilatory drives by
hypocapnia and alkalemia

PCO2 rises and pH falls during weaning attempt; patient is said
to fail weaing if some arbitrary change in these values (e.g. 10
mm Hg increase in PCO2) is used as a criterion for failure.

Metabolic acidosis Increase in ventilatory demand to
compensate for respiratory alkalosis

Patient may be unable to sustain required increase in VE and
WOB to maintain a lower PCO2 to compensate for a lower
HCO3

Metabolic status Hypophosphatemia and
hypomagnesemia

Ventilatory muscle weakness Patient fails weaning because of rapid shallow breathing,
respiratory distress, and acute respiratory acidosis; maximal
inspiratory pressure is decreased.

Hypothyroidism Decreased ventilatory drive with possible
ventilatory muscle weakness

Rare cause of weaning failure that occurs because of acute
respiratory distress.

Drugs Narcotics, sedatives,
tranquilizers, and
hypnotics

Depression of ventilatory drive Patient fails weaning because of acute respiratory acidosis in
the absence of tachypnea and respiratory distress

Neuromuscular blocking
agents

Ventilatory muscle weakness; delayed
clearance in patient with rental
insufficiciency

Patient fails weaning because of rapid shallow breathing,
respiratory distress, and acute respiratory acidosis; maximal
inspiratory pressure is reduced.

Ventilatory muscle weakness caused by
acute myopathy, especially in patients
who have received high-dose systemic
corticosteroids

Same as above; may have elevated muscle enzymes; can last
for weeks or months.

Aminoglycosides Neuromuscular blockade Very rare cause of weaning failure that occurs because of rapid
shallow breathing, respiratory distress, and acute respiratory
acidosis; maximal inspiratory force is reduced.

Nutrition Overfeeding Increased CO2 production, especially with
excessive carbohydrate calories

Patient fails weaning because of excessive ventilatory demand
(high VE requirement to keep PCO2 normal); unusual cause of
weaning failure unless very large caloric loads are
administered.

Malnutrition Effects of acute illness; preexisting
nutritional deficiencies

May contribute to ventilatory muscle weakness, decreased
ventilatory drive, impaired immunologic function, fluid
retention, depression, distinguishing this from other factors is
difficult

Psychological
status

Agitation: “psychological
ventilator dependence”

Anxiety, fear, delirium, ICU psychosis, or
influence of preexisting personality factors

Patient becomes agitated and panicky during attempt to
reduce or discontinue ventilatory support; can be said to cause
weaning failure when other factors are absent

Lack of motivation Depression, effects of drugs, organic brain
dysfunction, or influence of preexisting
personality factors

Patient refuses to participate in care (e.g., mobilization,
bronchial hygiene, physiologic measurements); flat affect and
immobility in bed; considered when other factors are absent

VE, minute ventilation; WOB, work of breathing; PCO2, partial pressure of carbon dioxide; pH, hydrogen ion concentration; HCO3
− , bicarbonate.

Adapted from Pilbeam SP, Cairo JM Mechanical Ventilation: Physiological and Clinical Applications. 4th ed. Philadelphia: Mosby Publications; 2006: 461–2.
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Hörmann C, BaumM, Putensen C, et al. Biphasic positive airway
pressure (BIPAP)–a new mode of ventilatory support. Eur J
Anaesthesiol 1994; 11(1):37–42.

Kenney BD. Airway pressure-release ventilation. Respir Care 2008;
53(7):922–923.

982



Chapter 158 – Weaning fromMechanical Ventilation

Jones PW, Greenstone M. Carbonic anhydrase inhibitors for
hypercapnic ventilatory failure in chronic obstructive pulmonary
disease. Cochrane Database Syst Rev 2001;1:CD002881.

MacIntyre NR. Respiratory mechanics in the patient who is weaning
from the ventilator. Respir Care 2005; 50(2):275–286.

Meade M, Guyatt G, Cook D, et al. Predicting success in weaning
from mechanical ventilation. Chest 2001; 120(6 Suppl):400S.

Vitacca M, Bianchi L, Zanotti E, et al. Assessment of physiologic
variables and subjective comfort under different levels of pressure
support ventilation. Chest 2004; 126(3):851–859.

983



Chapter

159 Acute lung injury and acute respiratory
distress syndrome
David A. Silver

Diagnostic criteria
Theclinical syndromes of acute lung injury (ALI) and acute res-
piratory distress syndrome (ARDS) represent degrees of sever-
ity along the continuum of noncardiogenic respiratory failure,
and present significant management challenges to the anesthe-
siologist and intensivist.

ALI is a clinical syndrome defined by the rapid onset of
severe hypoxemia (PaO2/FiO2 [P/F ratio] ≤ 300) regardless of
positive end-expiratory pressure (PEEP), bilateral infiltrates on
frontal chest radiograph, and lack of cardiogenic etiology for
these findings. In the presence of a pulmonary artery catheter
(PAC), this “noncardiogenic” is generally defined by a pul-
monary artery occlusion pressure (PAOP) ≤ 18 mmHg; other-
wise, the diagnosis is based on absence of stigmata of elevated
left atrial pressure. ARDS is defined by the same criteria, but
with more severe hypoxemia, a P/F ratio ≤ 200 (Table 159.1).

A recent study from the National Institutes of Heath,
National Heart, Lung, and Blood Institute ARDS Network
(ARDSnet) has validated the use of pulse oximetric saturation
in a ratio of SpO2/FiO2 (S/F ratio) in patients with SpO2 ≤ 97%,
with an S/F ratio of 315 correlating with a P/F ratio of 300, and
an SpO2/FiO2 (S/F) ratio of 235 correlating with a P/F ratio of
200. This new convention appears to have excellent sensitivity
and fair specificity and may allow less invasive screening for
and rapid diagnosis of ALI/ARDS, facilitating the initiation of
appropriate therapy and entry into clinical trials of patients at
the onset of the disease syndrome. It is also consistent with the
concerns in modern critical care to minimize blood draws (and
resultant iatrogenic anemia) as well as the costs associated with
processing arterial blood gas (ABG) samples.

Many patients will meet some criteria for both clinical heart
failure (e.g., due to volume overload after resuscitation for
severe sepsis) and for ALI. Thus there may be uncertainty as to
how to categorize respiratory failure in patients with multior-
gan system failure. The diagnosis of ALI is not based on purely
objective tests, and lacks a pathognomonic clinical finding. As a
result, for instance, since different clinicians interpret patients’
chest radiographs differently, they may or may not make the
diagnosis of ALI. In clinical practice, it is important to have a
high index of suspicion for the development of ALI and to treat
patients appropriately as soon as the diagnosis is made. It is also

crucial, however, to ensure that another disease process with a
specific treatment is not missed (Table 159.2).

Markers of inflammation
Although levels of various biomarkers of inflammation, includ-
ing tumor necrosis factor-alpha (TNF-α), transforming growth
factor-beta-1 (TGF-β1), angiostatin, and interleukins 1 and 8
(IL-1 and -8), are elevated in bronchoalveolar lavage (BAL)
specimens fromALI patients, their roles in the pathophysiology
of the disease process are still under investigation, and routine
BAL is not required for the diagnosis of ALI. It is clear that pul-
monary neutrophils are important in the development of ALI,
as their increased activation of the transcriptional regulatory
factor nuclear factor-kappa B (NF-�B) leads to the increased
production of many of the factors listed above, as well as the
kinases p38 and phosphoinositide 3-kinase (PI3-K).

Epidemiology
Risk for the development of ALI/ARDS is particularly high
in older patients, in patients with significant medical comor-
bidities (such as chronic hepatic and pulmonary disease), and
possibly in patients with a genetic predisposition to severe
inflammation. Once labeled “adult respiratory distress syn-
drome” to distinguish it from the infant respiratory distress syn-
drome, it is now called “acute” and is well-described in patients
15 years of age or older.

Recent studies of the epidemiology of ALI have demon-
strated that it is much more common than previously thought,

Table 159.1. Defining ALI and ARDS

Timing: Acute onset
Hypoxemia (regardless of PEEP)
ALI: PaO2/FiO2 ≤ 300 (or SpO2/FiO2 ≤ 315 if SpO2 ≤ 97%)
ARDS: PaO2/FiO2 ≤ 200 (or SpO2/FiO2 ≤ 235 if SpO2 ≤ 97%)
Frontal chest radiograph: Bilateral infiltrates present
Noncardiogenic: PAOP (when measured) ≤ 18 mm Hg; otherwise, no

clinical evidence of elevated left atrial pressure

From Bernard GR, Artigas A, Brigham KL, et al. The American-European con-
sensus conference on ARDS: definitions, mechanisms, relevant outcomes
and clinical trial coordination. Am J Respir Crit Care Med 1994; 149:818–824.
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Table 159.2. Differential diagnosis of ALI

Left ventricular failure
lntravascular volume overload
Mitral stenosis
Veno-occlusive disease
Lymphangitic carcinoma
Interstitial and airway diseases
• Hypersensitivity pneumonitis
• Acute pneumonia
• Bronchiolitis obliterans with organising pneumonia

From Wheeler AP, Bernard GR. Acute lung injury and the acute respiratory
distress syndrome: a clinical review. Lancet 2007; 369:1553–1565.

and represents a significant public health issue. The reported
incidence of and mortality associated with ALI and ARDS vary
significantly among trials.

In 2002, the Australian and New Zealand Intensive Care
Society Clinical Trials Group reported an overall incidence of
ALI and ARDS of 34 and 28 cases per 100,000 per annum,
respectively. The overall 28-day intensive care unit (ICU) mor-
tality rate was 28% for patients with ALI/ARDS; mortality was
30% with the subgroup that met ARDS criteria, and mortality
was only 10% (a significant difference) in theALIwithoutARDS
group.

The King County Lung Injury Project (KCLIP) reported in
2005 a higher incidence of ALI/ARDS (combined) of 78.9 cases
per 100,000 person-years, with an age-adjusted incidence of
86.2 per 100,000 person-years, and an overall in-hospital mor-
tality of 38.5%.This study confirmed a dramatic increase in inci-
dence with age, from 16 per 100,000 person-years for patients
15 to 19 years old to 306 per 100,000 person-years for those
75 to 84 years old. Mortality similarly ranged from 24% for
teenagers to 60% for patients 85 years or older. The authors
extrapolated their findings to estimate 190,600 cases of ALI in
the United States each year, associated with 74,500 deaths and
3.6 million hospital days. Although the incidence the authors
describe is higher than that reported from the Australia/New
Zealand group, their standardized methods of review may have
uncovered a much higher incidence of these syndromes than
had previously been appreciated, and they reinforce an appreci-
ation for the persistently highmortality of ALI/ARDS even after
the advent of low-tidal-volume ventilation.

As the diagnosis of ALI may not be made in up to 48% of
patients who meet criteria, the KCLIP study results are credible
in revealing a significant incidence of ALI. Various risk factors
have been examined in epidemiologic studies, and investigation
continues into the genetic and other factors involved in a com-
plex and heterogenous disease process. Table 159.3 lists some
factors that have been implicated as risk factors for the devel-
opment of, or mortality fromALI/ARDS. Some are not surpris-
ing – for instance, patients admitted to the hospital with greater
severity of illness (as measured by the Acute Physiology And
Chronic Health Evaluation II [APACHE-II] or similar scores)
have a higher mortality. Others, such as a seemingly protective
effect of diabetes, are less clear. It may be that diabetic patients

Table 159.3. Risk factors in the development of mortality from ALI

Obesity Decreased mortality
Diabetes Decreased risk of developing ARDS
Chronic alcoholism Increased risk of developing ARDS
Increasing age up to 69 y Increased incidence and mortality
Worse physiologic severity of

illness
Increased mortality

Shock on hospital admission Increased mortality
African-American race Increased mortality
Low body mass index

(below-average weight)
Increased mortality

Male gender Increased mortality
Longer hospitalization before ALI Increased mortality
Shorter ICU stay with ALI Increased mortality
Increased radiographic opacity Increased mortality
Immunosuppression Increased mortality
Various genetic factors Variable effects

FromRubenfeldGD,HerridgeMS. Epidemiology andoutcomesof acute lung
injury. Chest 2007; 131:554–562.

aremore likely to have nonpulmonary (andmore easily treated)
sources of sepsis (e.g., genitourinary, soft tissue infections), but
there may be another yet-unelucidated protective effect. Obese
patients diagnosed with ALI may have better reserves to deal
with critical illness, or they may not have lung injury at all, just
significant atelectasis, the rapid resolution of which may lead to
the appearance of lower mortality in this patient population.

Pathophysiology
ALI is not a primary disease process, but is rather a reaction to
a direct or indirect insult to the lungs (Table 159.4).

Direct injury (e.g., pneumonia, aspiration) or indirect
injury due to systemic inflammation (especially with severe
sepsis) leads to a commonpathway of generalized inflammation
and subsequent increased pulmonary vascular permeability. In
early ALI, a protein-rich pulmonary edema characterizes what
has been called the exudative phase, duringwhich inflammation

Table 159.4. Causes of ALI

Direct injury
Pneumonia
Gastric aspiration
Drowning
Fat and amniotic-fluid embolism
Pulmonary contusion
Alveolar haemorrhage
Smoke and toxic gas inhalation
Reperfusion (pleural effusion drainage, embolectomy)
Unilateral lung re-implantation

Indirect injury
Severe sepsis
Transfusions
Shock
Salicylate or narcotic overdose
Pancreatitis

From Wheeler AP, Bernard GR. Acute lung injury and the acute respiratory
distress syndrome: a clinical review. Lancet 2007; 369:1553–1565.

985



Part 28 – Intensive Care Unit

Figure 159.1. The Alveolus in Acute Lung
Injury. In the acute phase of the syndrome, there
is sloughing of both the bronchial and alveolar
epithelial cells, with the formation of protein-rich
hyaline membranes on the denuded basement
membrane and filling of the air space with protein-
rich edema fluid which inactivates surfactant.
Macrophages in the air space secrete cytokines,
which (among other effects) stimulate chemotaxis
and activation of neutrophils and a subsequent
inflammatory cascade.

predominates, surfactant production decreases, existing sur-
factant is inactivated, and widespread atelectasis results
(Fig. 159.1). Elastases damage the structural framework of
the lung (both alveolar–capillary and epithelial cell injury are
seen), and a procoagulant environment likely leads to capillary
thrombosis.

In some patients, the histopathologic changes of ALI resolve
completely after the acute phase. In others, the disease pro-
gresses to a prolonged fibroproliferative phase, characterized by
chronic fibrosing alveolitis, increased alveolar dead space, per-
sistent hypoxemia, and, in some patients, pulmonary hyperten-
sion and right ventricular failure.

In the recovery phase, improvements in lung compliance and
oxygenation are seen. Pulmonary function may return to nor-
mal, as may the appearance of the chest radiograph. Long-term
recovery and prognosis after ALI vary.

Treatment
The ARDSnet trial, published in May 2000 in the New England
Journal of Medicine, showed great benefits of low-tidal-volume
ventilation to patients with ALI/ARDS. The trial was stopped
early, after the enrollment of 861 patients, when an interim
analysis showed significantly decreased mortality (31.0% vs.

39.8%, P = 0.007) in the low-tidal-volume group. This group
also had significantly more ventilator-free days (days 1–28), a
significantly better chance of being off the ventilator by day 28,
and a significant reduction in nonpulmonary organ failure.The
ARDSnet protocol assigned to patients in the intervention
group a target tidal volume of 6 cc/kg of predicted body weight,
to be reduced to as little as 4 cc/kg if inspiratory plateau pres-
sures exceeded 30 cm H2O. PEEP and FiO2 were adjusted
per the protocol (and Table 159.5), as was pressure support
weaning.

Whereas the ARDSnet publication demonstrated the effi-
cacy of low-tidal-volume ventilation in the management of
patients with ALI/ARDS, many investigations have attempted
to find the best levels of PEEP, acceptable hypercapnia, and so
forth, in these critically ill patients.

Although high PEEP levels have been associated with dele-
terious effects, such as circulatory compromise and overdis-
tension, PEEP may help with recruitment of some areas of
atelectasis and improve oxygenation. Following the observa-
tion that the ARDSnet low-tidal-volume strategy resulted in
intrinsic PEEP and higher PEEPtotal in patients in the study, the
ARDSnet investigators pursued a comparison of a high- ver-
sus low-PEEP strategy in patients with ARDS. They found no

986



Chapter 159 – Acute Lung Injury and Acute Respiratory Distress Syndrome

Table 159.5. ARDSnet protocola

Variable

Group receiving
traditional total
volumes

Group receiving
lower total
volumes

Ventilator mode Volume assist–control Volume assist–control
Initial tidal volume (ml/kg of predicted body weight)b 12 6
Plateau pressure (cm of water) < 50 < 30
Ventilator rate setting needed to achieve a pH goal of 7.3 to

7.45 (breaths/min)
6–35 6–35

Ratio of the duration of inspiration to the duration of expiration 1:1–1:3 1:1–1:3
Oxygenation goal PaO2, 55–80 mm Hg,

or SpO2, 88–95%
PaO2 55–80 mm Hg,
or SpO2, 88–95%

Allowable combinations of FiO2 and PEEP (cm of water)c 0.3 and 5
0.4 and 5
0.4 and 8
0.5 and 8
0.5 and 10
0.6 and 10
0.7 and 10
0.7 and 12
0.7 and 14
0.8 and 14
0.9 and 14
0.9 and 16
0.9 and 18
1.0 and 18
1.0 and 20
1.0 and 22
1.0 and 24

0.3 and 5
0.4 and 5
0.4 and 8
0.5 and 8
0.5 and 10
0.6 and 10
0.7 and 10
0.7 and 12
0.7 and 14
0.8 and 14
0.9 and 14
0.9 and 16
0.9 and 18
1.0 and 18
1.0 and 20
1.0 and 22
1.0 and 24

Weaning By pressure support;
required by protocol
when FiO2 < 0.4

By pressure support;
required by protocol
when FiO2 < 0.4

a PaO2 denotes partial pressure of arterial oxygen, SpO2 oxyhemoglobin saturation measured by pulse oximetry, FiO2 fraction
of inspired oxygen, and PEEP positive end-expiratory pressure.

b Subsequent adjustments in tidal volumeweremade tomaintain a plateaupressure of�50 cmofwater in the group receiving
traditional tidal volumes and � 30 cm of water in the group receiving lower tidal volumes.

c Further increases in PEEP, to 34 cm of water, were allowed but were not required.
From The Acute Respiratory Distress SyndromeNetwork. Ventilation with lower tidal volumes as comparedwith traditional tidal
volumes for acute lung injury and the acute respiratory distress syndrome. N Engl J Med 2000; 342:1301–1308.

difference in clinical outcome (breathing unassisted, death
before hospital discharge) in patients assigned to a high- versus
low-PEEP strategy, as long as plateau pressures remained ≤ 30
cmH2O.The studywas stopped early for futility, although some
feel that this was a premature termination based on careful
post-unblinding assessment of the patient groups in the study.
Perhaps the most important information from this study was
the reinforcement of a mortality benchmark of 25% to 30% in
patients treated with low-tidal-volume ventilation, much lower
than the expected mortality of approximately 40% in the pre-
ARDSnet ICU.

Rouby and colleagues have urged that “a pragmatic, rather
than a dogmatic approach” be used to select the “right” level
of PEEP for each individual patient, balancing the clinician’s
assessment of the need for recruitment against the risk of over-
inflation.They recommend considering three clinical elements:
the lung morphology pattern (much better demonstrated by
CT of the chest than by plain-film chest radiograph), the shape
of the pressure–volume (P–V) curve, and the changes in gas
exchange resulting from different PEEP levels. We find that this
practical approach of “building a PEEP curve” for each individ-

ual patient helps to fine tune ventilator settings and guides the
continual process of reassessment as the patient’s disease pro-
gresses.

The use of esophageal balloon manometry to calculate
transpulmonary pressure (as [airway pressure – pleural pres-
sure]) also can be useful in guiding ventilator adjustment, as
many of the most critically ill patients have markedly increased
intra-abdominal pressures, diminished chest wall elastance,
and so forth. Balloon measurements of pleural pressure can
reassure the intensivist that, although total airway pressures
may be high, the transpleural (and thus the transalveolar) pres-
sure is not dangerously elevated. Esophageal balloon manom-
etry thus may help to guide recruitment maneuvers and PEEP
adjustment in patients with ALI/ARDS.

Further attempts at recruitment through the use of cyclic
“sighs,” prone positioning of patients, the use of chest weights
or sandbags, high-frequency oscillatory ventilation (HFOV),
airway pressure release ventilation (APRV), and biologically
variable or “fractal” ventilation using low tidal volumes have
variously been shown to improve oxygenation, and continue to
attract research attention as potentially beneficial. None of these
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small studies, however, has shown improvement in mortality as
has the ARDSnet protocol, which must still be considered the
gold standard treatment in this patient population.

It is interesting that, while volume- and pressure-limited
ventilation has been convincingly shown to reduce morbidity
and mortality in patients with ALI/ARDS, the preemptive use
of this ventilatory strategy in patients at high risk for lung
injury has not been shown to be beneficial, and may actually
increase morbidity.

Permissive hypercapnia (PHY) is the concept of allowing
the partial pressure of carbon dioxide to exceed normal levels
to maintain low-tidal-volume ventilation, even when patients
develop moderate associated acidemia. Hypercapnia is not a
therapeutic goal in itself – indeed, many patients will tolerate
a high enough respiratory rate that they will not become hyper-
capneic, with tidal volumes limited to 6 ml/kg. With the large
amount of dead-space ventilation and limited gas exchange
common in ARDS, allowing the PaCO2 to increase and the pH
to decrease may be necessary to enable a lung-protective venti-
latory strategy. As long as right heart failure does not develop,
even sudden PHY and its associated transitory hyperdynamic
cardiovascular state and pulmonary hypertension are well-
tolerated, especially by younger patients.

Pharmacologic interventions
Steroids and ARDS
The use of steroids in ARDS remains controversial. In 2006,
the ARDSnet investigators reported no mortality benefit from
administration of methylprednisolone (2 mg/kg × 1, followed
by 0.5 mg/kg every 6 hours for 14 days), although patients who
received steroids had more ventilator-free and shock-free days
during the first 28 days, improved oxygenation and respiratory
system compliance, and more days free of vasopressor therapy.
Patients who were started on steroids after 14 days of ARDS
had higher mortality than those randomized to placebo. The
authors concluded that the routine use of methylprednisolone
for persistent ARDS was not supported by the results of the
study.

In 2007, however, Meduri and colleagues reported the
results of a multicenter, randomized, double-blind, placebo-
controlled study of methylprednisolone infusion (1 mg/kg/d)
in early severe ARDS which showed reductions in ventilation
time, ICU stay, and ICU mortality. In an accompanying edito-
rial, Djillali Annane argued that, despite the attributable risks of
gastrointestinal (GI) bleeding, ICU myopathy, hyperglycemia,
and so forth, the results of this and several other studies justify
the routine use a of low-dose steroid infusion in patients with
severe ARDS of � 2 weeks duration.

The use of exogenous surfactant in ARDS has not been
shown to improve ventilator-free days ormortality, although, in
a 2004 report in the New England Journal of Medicine, patients
randomized to surfactant had greater improvements in gas
exchange than did those receiving standard therapy. Similarly,
exogenous nitric oxide therapy has not been shown to provide

survival or other significant benefit in the management of ven-
tilated patients with ARDS.

Fluid management and transfusion
A conservative fluid-management strategy is increasingly sup-
ported by evidence in ARDS as improving oxygenation and
ventilator-free days, although no mortality benefit has yet been
shown. Fluid resuscitation may of course be needed for the
appropriate treatment of an underlying disease process, such
as pancreatitis, sepsis, and so forth, but as soon as is practical,
a conservative approach to fluid administration to minimize
pulmonary edema and optimize oxygenation seems prudent.
Guidance of resuscitation with a central venous line (CVL)
alone is adequate; a trial of PAC use in ARDS has added to
the overwhelming weight of evidence against PAC use, show-
ing approximately twice asmany catheter-related complications
and no outcome benefit in the PAC group.

Transfusion of red blood cells and other blood prod-
ucts is well-recognized as a risk factor for the development
of ALI/ARDS in critically ill patients, and the body of evi-
dence demonstrating poor outcomes with aggressive transfu-
sion practices continues to grow. Evidence-based conservative
transfusion practices are certainly warranted, and blood prod-
ucts should never be used to “spare” crystalloid infusion in
fluid-requiring patients with ALI/ARDS.

Outcomes
Several investigators are now looking at quality of life and out-
comes in survivors of ARDS and have found significant phys-
iologic, neurocognitive, and emotional deficits that persist for
years after ICU discharge and result in decreased quality of life.
Many patients show a significant loss of body mass (average
18% loss of baseline body weight), complain of persistent mus-
cle weakness and fatigue, and, although they have normal lung
volume and spirometric measurements by 6-month follow-up,
Dlco (diffusing capacity of lung for carbon monoxide) gener-
ally remains low a year after discharge, reflecting abnormal gas
exchange capacity at the alveolar level. Patients usually do not
require supplemental oxygen at follow-up, but may have signif-
icant desaturation with exercise to below 88%. Patients who did
not receive corticosteroids, did not acquire additional illnesses
during their hospital stay, and had rapid resolution of theirmul-
tiorgan and pulmonary dysfunction have better functional sta-
tus at 1-year follow-up.

A Canadian study has reported that 85% of patients who
are discharged from the ICU survive to 2-year follow-up, and
the initial hospital stay accounts for the majority of the costs
associated with the disease. Although 65% of these patients had
returned to work at 2-year follow-up, most continued to have
exercise limitation, and although emotional and mental health
improved in the 1- to 2-year postdischarge interval, all other
quality-of-life measures remained below those of the general
population and did not show statistically significant improve-
ment from 1 to 2 years.
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Future study
Although significant improvements in the management of
ALI/ARDS and its underlying causes have beenmade in the past
decade, mortality remains high at 30% to 50%. The National
Heart, Lung, and Blood Institute Working Group, among oth-
ers, is working to develop new approaches to the management
of this heterogeneous disease process through a multimodal
approach combining the use of biologic, genomic, and genetic
approaches in animal and clinical studies, with the goal of
improving detection and treatment of the disease syndrome.
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Chapter

160 Nosocomial infections
David Oxman, Shannon S. McKenna, and Gyorgy Frendl

Health care–associated (hereto referred to as nosocomial) infec-
tions are considered to be infections acquired in acute or
chronic health care settings (in hospitals and rehabilitation or
chronic care facilities). They are an increasing problem and
constitute a major source of morbidity and mortality. In addi-
tion, these infections significantly increase the cost and dura-
tion of hospital care. Ventilator-associated pneumonia (VAP)
and catheter-related bloodstream infections (CRBSI) represent
two of the most serious nosocomial infections and will be the
focus of this chapter. Both of these infections can easily progress
to sepsis and death. Other nosocomial infections, such as uri-
nary tract and wound infections, are typically more easily treat-
able and less likely to increase patient mortality, and therefore
are not discussed here.

A common feature of all these nosocomial infections is that
they are preventable, and the most successful strategy for fight-
ing them is prevention. It is essential for the anesthesiologist to
be comfortable managing patients who develop these compli-
cations and to be aware of proven methods for preventing their
occurrence.

Ventilator-associated pneumonia
Incidence, morbidity and, mortality
VAP is one of the most commonly occurring intensive care unit
(ICU) infections. Anywhere from 5% to 20% – depending on
definitions used – of mechanically ventilated patients develop
VAP.Compared to patientswith similar initial degrees of illness,
patients who acquire VAP stay in the hospital longer, stay on the
ventilator more days, and die at a higher rate. Additionally, the
costs associated with VAP are significant, with estimated excess
hospital costs of at least $40,000 per case.

Pathogenesis
The prolonged presence of an endotracheal tube (greater than
48 hours) is the major contributor to the pathogenesis of VAP.
Although other factors contribute to the risk, the endotracheal
tube and the alterations in host-defense mechanisms it engen-
ders, as well as the reservoir for pathogenic organisms it creates,
are the major causative factors in the development of VAP.

The first protection of the lower respiratory tract against
aspiration and microbial colonization are mechanical defenses,

including cough reflexes and mucociliary clearance. The pres-
ence of an endotracheal tube impairs both of these mecha-
nisms. It also creates a direct conduit bywhich bacteria from the
upper airway and oropharynx can access the lungs. Aspiration
of oropharyngeal secretions is themajor route bywhich bacteria
gain access to the lower respiratory tract. Although aspiration
of gastric contents with bacterial overgrowth plays some role in
the acquisition of VAP, it is probably less important. Bacteria
can also enter the lungs via other routes: (1) direct extension
of a contiguous infection, (2) hematogenous spread from dis-
tant sites, and (3) inhalation of contaminated aerosols.Themost
common route bywhich organisms enter the lungs is aspiration.
The typical organisms causing VAP are listed in Table 160.1.

Clinical manifestations
Signs and symptoms of VAP can be obvious or subtle. Sys-
temic signs such as fever or leukocytosis should, when present
in the mechanically ventilated patient, always lead to the con-
sideration of VAP. An increase in the amount of secretions suc-
tioned from the endotracheal tube may also be an early sign of
VAP. Changes in a patient’s respiratory parameters, such as a
decreasing partial pressure of arterial oxygen (PaO2) as mea-
sured by arterial blood gas, or the need to increase the fraction
of inspired oxygen content (FiO2) or positive end-expiratory
pressure (PEEP) to maintain normal oxygen saturation, may be
the first indication of VAP and should prompt further investi-
gation.

Although chest radiography is often helpful, it is unreli-
able for ruling in or ruling out the diagnosis of VAP by itself.
Other common conditions in mechanically ventilated patients,
such as ARDS, atelectasis, or lung contusion, may mimic or
obscure VAP (Table 160.2). If the clinical suspicion is high
and chest radiograph is inconclusive, CT of the chest may be
helpful. A new infiltrate on chest radiograph, however, when

Table 160.1. Typical organisms causing VAP

P. aeruginosa
Klebsiella species
Enterobacter
Acinetobacter species
Burkholderia cepacia
S. aureus (including MRSA)
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Table 160.2. Causes other than pneumonia leading to abnormal chest
radiograph in mechanically ventilated patients

Pulmonary edema
ARDS
Atelectasis
Pulmonary hemorrhage
Pulmonary contusion
Pulmonary infarct

coupled with other findings (e.g., fever and/or an increase in
sputum production or a change in a patient’s respiratory status)
are together highly suggestive of VAP.

Microbiology of VAP
With critical illness, the microbiologic flora of the orophar-
ynx changes dramatically. In healthy people the oropharynx
is overwhelmingly colonized with streptococci and anaerobes.
Themouthflora of a critically ill patient becomes colonizedwith
Gram-negative bacteria and Staphylococcus aureus. Predictably,
Gram-negative organisms and S. aureus are the most common
pathogens responsible for VAP (Table 160.1). Drug-resistant
organisms, such as Pseudomonas aeruginosa and methicillin-
resistant S. aureus (MRSA), pose added danger to critically ill
patients. Anaerobic bacteria, Legionella, and viruses, such as
herpes simplex virus, can cause VAP as well but are much more
uncommon.

Diagnosis
Unfortunately, there is no gold standard diagnostic test for
VAP, and diagnosis can be challenging. Clinical characteristics,
such as fever, sputum production, increased oxygen require-
ments, and a new infiltrate seen on chest radiograph, are
suggestive of VAP, but they are not specific (Table 160.3).
Sampling of the lower respiratory tract for pathogenic organ-
isms increases diagnostic accuracy. Several methods exist for
obtaining amicrobiological specimen – including tracheal aspi-
ration, nonbronchoscopic “min-BALs,” and fiber-optic bron-
choscopy with bronchoalveolar lavage or a protected brush
sampling.Whichmethod is themost accurate and cost-effective
is an area of some controversy. Whenever VAP is suspected,
however, some type of lower respiratory specimen should be
sent for Gram stain and culture.

The Clinical Pulmonary Infection Score (CPIS; Table 160.4)
is a prediction tool designed to help make the diagnosis of VAP
based on clinical variables. It incorporates variables such as the
presence or absence of fever, purulent sputum, or leukocytosis,
as well as the degree of hypoxemia, character of radiographic
abnormalities, andmicrobiologic findings. A score of�6 is typ-
ically used to diagnose VAP. Although the CPIS may be helpful
in clinical decisionmaking, its positive predictive value is mod-
est – approximately 60% – and should not be overly relied on.

Treatment
Treatment for VAP should begin as soon as VAP is suspected
and not be delayed for definitive diagnostic testing, as delays in

Table 160.3. Centers for Disease Control and Prevention surveillance
definition for clinical diagnosis of hospital-acquired pneumonia

Radiologic signs
Two or more serial chest radiographs with at least one of the followinga:
• New or progressive and persistent infiltrate
• Consolidation
• Cavitation

Clinical signs
At least one of the following:
• Fever (temperature >38◦C) with no other recognized cause
• Leukopenia (leukocyte count <4.0 × 109 cells/L) or leukocytosis

(leukocyte count >12.0 × 109 cells/L)
• For adults ≥70 y, altered mental status with no other recognized cause
And at least two of the following:
• New onset of purulent sputum, change in character of sputum,
increased respiratory secretions, or increased suctioning requirements

• New onset or worsening cough, dyspnea, tachypnea
• Rales or bronchial breath sounds
• Worsening gas exchange (e.g., O2 desaturations [e.g., PaO2/FiO2 ≤240],

increased oxygen requirements, or increased ventilation demand
a In patients without underlying pulmonary or cardiac disease (e.g., respira-
tory distress syndrome, bronchopulmonary dysplasia, pulmonary edema,
or chronic obstructive pulmonary disease), one definitive chest radiograph
is acceptable.

Table 160.4. CPIS scoring

Temperature
≥36.5 and ≤38.4 = 0 points
≥38.5 and ≤38.9 = 1 point
≥39 or <36.5 = 2 points

Blood leukocytes, micro/L
≥4000 and ≤11,000 = 0 points
<4000 or >11,000 = 1 point
Band forms ≥50% = add 1 point

Tracheal secretions
Absence of tracheal secretions = 0 point
Presence of nonpurulent tracheal secretions = 1 point
Presence of purulent tracheal secretions = 2 points

Oxygenation
PaO2/FiO2, mm Hg >240 or ARDS (defined as PaO2/FiO2 ≤200, PAWP ≤18
mm Hg and acute bilateral infiltrates) = 0 points

PaO2/FiO2 ≤240 and no ARDS = 2 points

Pulmonary radiography
No infiltrate = 0 points
Diffuse (patchy) infiltrate = 1 point
Localized infiltrate = 2 points

Progression of pulmonary infiltrate
No radiographic progression = 0 points
Radiographic progression (after HF and ARDS excluded) = 2 points

Culture of tracheal aspirate
Pathogenic bacteria cultured in rare or few quantities or no growth = 0
points

Pathogenic bacteria cultured in moderate or heavy quantity = 1 point
Same pathogenic bacteria seen on Gram stain, add 1 point
Total score of >6 suggestive of VAP

PAWP, pulmonary arterial wedge pressure; HF, heart failure. From Pugin
J, Auckenthaler R, Mili N, Janssens JP, Lew PD, Suter PM. Diagnosis of
ventilator-associated pneumonia by bacteriologic analysis of bronchoscopic
and non-bronchoscopic “blind” bronchoalveolar lavage fluid. Am Rev Respir
Dis 1991;143:1121–112.
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Table 160.5. Initial empiric therapy for treatment of VAP

Gram negative coverage
MRSA
coverage

Antipseudomonal
cephalosporin
(cefepime, ceftazidime)

Antipseudomonal
fluoroquinolone
(ciprofloxacin or
levofloxacin}

Vancomycin

or
Antipseudomonal
carbapenem
(imipenem or
meropenem)

+ or
Aminoglycoside
(amikacin, gentamicin, or
tobramycin)

+ or
Linezolid

or
-Lactam/-lactamase
inhibitor (piperacillin-
tazobactam)

Adapted from American Thoracic Society/Infectious Diseases Society of
America (ATS/IDSA) guidelines, 2005.

treatment lead to poorer outcomes. Initial antibiotic therapy
should be broad and directed at the typical nosocomial organ-
isms causing pneumonia in the ICU. VAP is most often caused
by Gram-negative bacteria, such as P. aeruginosa – but Gram-
positive bacteria, particularly S. aureus, are increasingly com-
mon pathogens. Given the high rates of antibiotic resistance in
VAP, combination therapy is almost always indicated initially,
and it should include two different classes of antibiotics directed
to Gram-negative bacteria and an agent active against MRSA
(Table 160.5). After microbiological data become available,
antibiotic therapy should be tailored to the specific pathogen
and combination therapy can be stopped. Furthermore, in
patients who turn out to have an alternative diagnosis and who
do not have VAP, antibiotics should be stopped as soon as pos-
sible. Exposure to unnecessary antibiotics leads to colonization
with drug-resistant organisms in the patient and the entire ICU,
and makes future episodes of VAPmuch more difficult to treat.
Adjunctive measures such as lung-protective, low-tidal-volume
ventilation strategies may be helpful in patients developing
decreased lung compliance from their infection (for details, see
Chapter 159).

Prevention
The best way to prevent VAP is to avoid intubation or, if that is
not possible, minimize the duration of mechanical ventilation.
Therefore, in patients who meet criteria, noninvasive positive
pressure ventilation should always be considered. In patients
who must be endotracheally intubated, moving toward extu-
bation as soon as the patient is ready prevents many episodes
of VAP. Limiting sedation and performing daily spontaneous
breathing trials help to identify those patients early who are
capable of being liberated from mechanical ventilation.

Several additional simple and inexpensive measures have
been proven to reduce rates of VAP. They include maintain-
ing head-of-bed elevation (above 30◦) in mechanically venti-
lated patients, hand washing before physical examination, and
limiting respiratory circuit tubing changes. Other measures,

Table 160.6. Strategies to prevent VAP

Hand washing before physical examination
Head-of-bed elevation >30◦
Limit sedation and perform “daily wake-ups”
Perform daily spontaneous breathing trials
Oropharyngeal decontamination (conflicting evidence)
Continuous subglottic suctioning (some evidence)
Silver-coated endotracheal tubes (some evidence)

such as continual oral decontamination, continual subglottic
suctioning, and the use of silver-coated endotracheal tubes, are
promising but not yet definitively proven (Table 160.6).

Catheter-related bloodstream infections
Incidence, morbidity, and mortality
CRBSIs are among the most common hospital-acquired infec-
tions. Each year up to 250,000 patients in the United States
develop nosocomial bloodstream infections, the majority of
which are catheter-related, with an attributable mortality any-
where from 12% to 25%. Understanding the pathogenesis, clin-
ical presentation, and management of CRBSI is vital for the
anesthesiologist taking care of patients at risk for CRBSI. Addi-
tionally, anesthesiologists should be aware of the state-of-the-
art practice for preventing these infections from occurring.

Pathogenesis
Microorganisms causing CRBSI enter the bloodstream via one
of fourmechanisms.Thefirst is through colonization of the skin
at the catheter entry site. Microorganisms can then enter the
bloodstream via migration along the catheter itself. The second
route of infection is via contamination of the catheter hub or
stopcock. These two mechanisms account for the vast major-
ity of all catheter-related bloodstream infections. Seeding of
the catheter through the blood from an infection at a distant
site, and contamination of intravenous infusates are the two
othermeans bywhichCRBSI occur, but aremuch less common.
Short-term, noncuffed central venous catheters have the highest
rates of infection but arterial catheters and peripherally inserted
central venous catheters (PICC lines) can also cause infection at
high rates.

Clinical manifestations
The clinical manifestations of CRBSI are generally indistin-
guishable from bloodstream infections originating from any
other source. Fever, rigors, hypotension, or other early signs of
sepsis (such as tachycardia or tachypnea) often occur. Catheter
entry sites and tunneled catheter tracts should be examined, as
infrequently there may be signs such as erythema, local tender-
ness, or purulent drainage.

Microbiology of CRBSI
S. aureus and coagulase-negative Staphylococcus (such as S.
epidermidis) are the most common organisms responsible for
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CRBSI. Enterococci andCandida species are the nextmost com-
monwith assortedGram-negative bacteria responsible formost
of the remaining infections.

Diagnosis
Blood culture is the definitive diagnostic test for CRBSI. In the
patient with an intravascular catheter, if two sets of blood cul-
tures drawn from two separate venopuncture sites are posi-
tive, it is highly suggestive of a CRBSI. An additional set drawn
from the intravascular catheter may also be helpful in pinpoint-
ing the intravascular catheter as the source of the bacteremia.
As the lumens of intravascular catheters are frequently colo-
nized with bacteria, sending blood cultures drawn through the
catheter alone will lead to a high false-positive rate and the
removal of many catheters that are not infected. Differences in
the speed at which blood cultures obtained peripherally and
those obtained through the intravascular catheter turn posi-
tive may help to distinguish between a line-related and a non–
line-related bacteremia. Semiquantitative cultures of the tip of
the central line, using either the roll plate method or sonica-
tion, may help to further define the etiology of a bacteremia.
Line tip culture, however, requires removal of the suspected
line before a CRBSI is proven. It is important to note that the
roll plate method, which is the most commonly used culture
technique, examines the outside of the line only and will not
identify infections originating from the internal lumen of the
line.

Treatment
As CRBSI carries a high rate of morbidity and mortality,
treatment should not be delayed until blood cultures become
positive. In patients with an intravascular catheter display-
ing typical signs and symptoms of CRBSI, empiric antibiotics
directed at typical pathogens should be started immediately,
and, if possible, the catheter should be removed. As Gram-
positive organisms, including MRSA, cause the majority of
infections, vancomycin is the typical first-line agent. In the
immunocompromised or septic patient, empiric treatment
should be broadened to cover typical nosocomial Gram-
negative organisms. Fungal CRBSI, although increasing in inci-
dence, is still relatively uncommon, and empiric antifungal
coverage should be reserved for high-risk patients. After the
causative organism is identified, antibiotic therapy should be
tailored accordingly and the line should be removed if it has not
been already. Exchange of an infected catheter over a guidewire
is not effective formanaging CRBSI and should be discouraged.

Prevention
Fortunately, CRBSIs are preventable, and recent studies have
shown that with careful attention to prevention techniques,
rates of CRBSI can be reduced to near zero. When plac-
ing intravascular catheters, maximum barrier precautions –
including sterile gloves, surgical mask and gown, and a large

sterile drape – should be used. Cleansing of the patient’s
skin with chlorhexidine has been shown to be superior to
povidine–iodine. Use of a real-time standardized checklist has
been shown to be an effectivemethod of ensuring that appropri-
ate sterile technique is used with each and every line insertion.
Standardized sterile technique with maximum barrier precau-
tions should be used for all line insertions, including line inser-
tions in the operating room, emergency department, and ICU.
Any central line placed without observance of standard sterile
technique should be appropriately identified as such and needs
to be removed within 48 hours of placement.

Proper hand hygiene, using either antiseptic soap and water
or an alcohol-based hand sanitizer, is essential prior to both line
insertion and the handling of catheter hubs and stopcocks and is
the backbone of infection prevention. Additionally, access ports
must be cleaned with an antiseptic, such as an alcohol swab,
immediately prior to use, and only sterile access devices may
be used.

Whenever possible, the femoral insertion site should be
avoided as this site is associatedwith higher infection rates. Sim-
ilarly, several studies have shown that the subclavian approach
is associated with a slightly lower risk of infection than is inter-
nal jugular catheterization. Although it is true that the longer
an intravascular catheter stays in place the higher the risk of
bloodstream infection, there is no evidence to support the rou-
tine replacement of catheters after an arbitrary duration of time.
Any indwelling catheter that is no longer essential for patient
care, however, should be removed immediately. When a CRBSI
is suspected, or confirmed, the associated linemust be removed.
If central access is still required, a new line must be inserted
at a new site. Ideally, the patient will be given a period of
time with antibiotic treatment before the new central venous
catheter is inserted to diminish the risk of seeding the new
line.
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161 Septic shock and sepsis syndromes
Maxwell Weinmann

Introduction
Sepsis and septic shock are causes of substantial morbidity and
mortality. Of the 1 million patients diagnosed annually in the
United Stateswith septic shock,mortality is approximately 50%,
butmay increase to as high as 80% in the setting of complicating
organ failure. As such, early diagnosis and timely intervention
are critical if outcome is to be favorably altered.

Pathogenesis
Pathophysiologically, irrespective of the offending organism,
sepsis is a systemic disease with significant involvement of
the endothelium. Intravascular recognition of bacterial anti-
gens initiates both inflammatory and procoagulant responses
that are intimately associated. Subendothelial injury gener-
ates thrombin, which fuels an accelerating and potentially sys-
temic proinflammatory and procoagulant state. Microvascu-
lar thrombosis and ischemia ensue with systemic progression
of diffuse endovascular inflammation and injury, and, ulti-
mately, vascular autoregulatory collapse. Microvascular throm-
bosis produces disordered perfusion and oxygen delivery at a
time of increased oxygen demand. Unabated, this cycle is self-
perpetuating and may culminate in irreversible ischemic organ
failure and death. Despite apparent early global stability, the
body attempts to shunt blood from nonessential vascular beds
to vital organs; a phenomenon known as compensated shock.
After organ reserve is depleted, systemic failure becomes clin-
ically evident. If therapy is to be successful and either reverse
or mitigate the ensuing organ injury and collapse, intervention
must be both timely and comprehensive.

Spectrum of disease and definitions
Sepsis presents a spectrum of clinicopathologic phenomena, so
a number of clinical definitions have emerged in an attempt to
both better understand the phenomena anddevelop therapeutic
strategies. These definitions include the following:

1. Systemic inflammatory response syndrome (SIRS):
requires at least two of the following:

Temperature �38◦C or �36◦C
Heart rate �90 bpm
Respiration �20/min or PCO2 �32 mmHg

White cell count �12,000/mm3

10% immature neutrophils
2. Sepsis: requires SIRS with a presumed or confirmed septic

focus
3. Severe sepsis: requires sepsis with �1 sign of organ

dysfunction in the presence of hypotension. Examples
include:

Pulmonary Hypoxia (PaO2/FiO2 <300), tachypnea
Renal Oliguria (urine output <0.5 ml/kg/h)

Creatinine increase <0.5 mg/dl
Hematologic Coagulopathy (international normalized ratio [INR] <1.5,

partial thromboplastin time [PTT] >60 s)
Thrombocytopenia (platelets <100,000/µl)

Hepatic Elevation in transaminases and bilirubin
Neurologic Confusion/delirium
Metabolic Hyperglycemia, lactic acidosis
Cardiac Tachycardia

As organ systems fail, the potential for reversibility
diminishes, and mortality rises. The progressively
increasing risk of mortality emphasizes the importance for
timely diagnosis and intervention as shown in Fig. 161.1.

4. Septic shock: defined as persistent hypotension, despite
adequate fluid resuscitation, which is not explained by
other causes. Hypotension is defined as a systolic blood
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Figure 161.1. Organ system failure and mortality. (Source: Angus DC,
Linde-Zwirble WT, Lidicker J, et al. Epidemiology of severe sepsis in the United
States: analysis of incidence, outcome and associated costs of care. Adapted,
with permission, from Crit Care Med 2001; 29:1303–1310.)
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Figure 161.2. Clinical markers of sepsis.

pressure (BP) of �90 mmHg and a mean arterial pressure
(MAP) of �60 mmHg, or a reduction in systolic BP of
�40 mmHg from baseline (Fig. 161.2).

Therapy
The following recommendations emerge largely from the Sur-
viving Sepsis Campaign (SSC), an international effort to
decrease the mortality of sepsis consisting of 11 international
societies. Recommendations were classified according to litera-
ture support or expert opinion.

Fluid resuscitation
The presence of hypotension signals that septic pathophysiol-
ogy is already well established. If accompanied by systemic lac-
tic acidosis, anaerobic metabolism has commenced (at least in
some organ beds) and resuscitation is urgent.

The SSC recommends that resuscitation goals within the
first 6 hours include
� Central venous pressure (CVP) 8 to 12 mmHg,
� MAP �65 mmHg,
� Urine output �0.5 ml/kg/h,
� Central venous or mixed venous O2 saturation �70%, and
� Consideration of a blood transfusion if venous saturation

is unresponsive to fluids alone, despite a CVP of 8 to 12
mmHg.

However, the clinician must place this information into clini-
cal perspective. Conditions that influence the pressure–volume
relationship of the heart will necessitate review of these values.
For example, a patient with chronic obstructive pulmonary dis-
ease (COPD) and pulmonary hypertension may require a CVP
of 14 to 16 mm Hg to achieve the same degree of filling com-
pared to a previously healthy person. Similarly, a venous satura-
tion of�70%may still be a cause of concern in a patient with an
increasing lactate, suggesting that shunting or disordered oxy-
gen uptake is persisting despite intervention, requiring a mod-
ification of therapeutic strategy.

Additionally, the long-standing controversy over the supe-
riority of either colloid or crystalloid as a resuscitation strategy
continues. The Saline versus Albumin Fluid Evaluation Study
(SAFE Study) was a prospective analysis of approximately 7000
patients, each patient being randomized to either normal saline
or 4% albumin. Results demonstrated that there was no signifi-
cant difference in mortality, hospital stay, duration of mechan-
ical ventilatory support, incidence of organ failure, or need for
continuous renal support between the two therapies. Subgroup
analysis suggested a trend toward reduced mortality in patients
receiving albumin with severe sepsis but increased mortal-
ity when administered with severe head trauma. Whether
these effects are through immune modulation, altered micro-
circulatory performance, and oxygen delivery, both globally
and on a microcirculatory level, is yet to be determined
(Fig. 161.3).
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Patients

Overall 726/3473 729/3460

Trauma

Yes 81/596

No 641/2831 666/2830
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Better
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Figure 161.3. Relative mortality risk of adminis-
tering albumin versus saline during resuscitation.
(Source: The SAFE Study Investigators. A compar-
ison of albumin and saline for fluid resuscitation
in the intensive care unit. N Engl J Med 2004;
350(22):2247–2256.)

Diagnosis and source control
Diagnostic procedures should proceed contemporaneously
with resuscitation. Two or more blood cultures (preferably
drawn from peripheral blood via venipuncture) are advised.
Additional blood cultures from the lumen of each intravascu-
lar device may be desirable. Other sites should also be cultured,
including sputum, urine, and cerebrospinal fluid (CSF), if clini-
cally warranted. Imaging studies should be pursued based on
clinical indication, such as recent surgery, premorbid condi-
tions, and preexisting intravascular devices, in order to deter-
mine if a distinct focus of infection exists. If so, a determination
of the viability of drainage, removal, exploration, and debride-
ment follows.The successful treatment of sepsis hinges on effec-
tive source control.

Antibiotic therapy
Antibiotic therapy is considered part of the resuscitative effort
andmust be instituted as a matter of urgency, ideally within the
first hour of arrival. Empiric therapy is therefore often unavoid-
able. The choice of antibiotics is a function of the clinical sce-
nario encountered: the patient’s immunocompetence, clinical
history (including recent antibiotic therapy), and susceptibility
patterns in the patient’s community and hospital of admission.

Typically, broad-spectrum coverage is initiated and tailored
to more specific regimens after susceptibilities are determined.
This practice helps prevent not only resistance but also superin-
fection by resistant organisms.

As only 5% of cases of severe sepsis or septic shock have
been shown to be due to fungal infection, it is not warranted to
commence empiric anti fungal therapy, except when the likeli-
hood of fungal infection is exceedingly high (patient on TPN,
immunocompromised patient, and when fungal cultures are
positive from multiple sites or fungus is seen on Gram stain of
blood).

Vasopressor and inotropic therapy
The mortality of sepsis can be significantly reduced using the
early fluid resuscitation strategy (Rivers et al.) combined with

the judicious use of inotropic agent (dobutamine) and vaso-
pressors.

If hypotension persists despite fluid resuscitation and ade-
quate circulatory filling as determined by the CVP, vasopres-
sors should be commenced. An ideal vasopressor has yet to
emerge, as all have potential side effects, namely exacerba-
tion of ischemia, arrhythmias, etc. Reestablishment of perfusion
pressure is vital if organ failure is to be prevented or reversed.
The clinician must therefore titrate the dose to effect, while
being watchful for any untoward complications. The need to
titrate to effect is largely due to the profound alteration of dose–
response relationships in severe sepsis.

The drug of first choice is a function of the clinical sce-
nario and the clinician’s assessment of the patient’s potential
to respond (i.e., the patient’s clinical reserve). For example, in
the setting of associated coronary vascular disease, the physi-
cian may be wary of epinephrine’s potential for tachycardia and
choose phenylephrine. Irrespective of which agent is ultimately
selected, restoration of perfusion pressure is the resuscitative
goal as long as the intensivist is watchful for the “physiologic
cost” of therapy. For example, if the addition of vasopressors
produces a decline in venous saturation and raises concerns
regarding oxygen dynamics, observation of the lactate response
will be a clue to the potential cost of intervention. Elevation
of lactate would suggest iatrogenic worsening, requiring a new
strategy, whereas a decline in lactate would suggest that the
degree of shunting has been reduced. Clinical perspective is
the key because, at present, the technology to actually evaluate
the microcirculation remains largely in the realm of research.

Vasopressor strategies and ongoing controversies
While no vasopressor agent has been shown to be clearly
superior for the management of septic shock, norepinephrine
and epinephrine have moderate advantages over the use of
dopamine. Phenylephrine appears to have no role (other than
a temporizing agent) in the management of septic shock. Stud-
ies have shown a moderate benefit of the use of vasopressin (in
the 0.04-0.08 U/min range) for the management of early (less
severe) septic shock.
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Conventional clinical dogma dictates stabilization of sys-
temic BP in resuscitation of the critically ill septic patient.
However, despite the efforts to stabilize systolic BP, mortality
remains high and prognosis poor. Evaluation of the circulatory
response to sepsis has strongly supported that sepsis is primar-
ily a disease of themicrocirculation and the endothelium in par-
ticular, where endothelial integrity and function are predictive
of both organ function and patient survival. Consequently, sys-
temic parameters cannot be considered a reliable reflection of
events in key vascular beds.

Traditionally, lactate levels have been the conventional indi-
rect measure of the onset of anaerobic metabolism and organ
stress in the intensive care unit (ICU). Sole reliance on lac-
tate, however, is inadequate as a marker of tissue hypoxia, as a
critical fraction of tissue must be rendered ischemic before
serum lactate levels increase. The absence of lactic acidosis
therefore does not exclude the presence of tissue ischemia.
Conversely, the presence of lactate does not always confirm
ischemia. Lactate elevation is due to biochemical derangements
accompanying both sepsis (such as disordered pyruvate dehy-
drogenase activity) and treatment (such as occurs with the
induction of aerobic glycolysis by vasopressor therapy). Thus
serum lactate levels may be artificially elevated in the absence
of hypoxia. Additionally, lactate levels may continue to increase
despite aggressive resuscitation due to a washout effect with the
restoration of perfusion. Lactate must therefore be considered
a rather late and insensitive marker of ischemia that does not
adequately reflect regional or organ-specific events.

Correlation with other markers of oxygen dynamics has
included the oximetric pulmonary artery catheter, which has
allowed estimation of mixed venous oxygen saturation (SvO2)
in real time. The adequacy of global oxygen use and delivery is
determined as outlined by manipulation of the Fick equation:

SvO2 = SaO2 − VO2/(CO × 1.34 × [Hb])

where SaO2 is arterial oxygen saturation, VO2 is oxygen con-
sumed perminute, CO is cardiac output, andHb is hemoglobin
concentration.

In the absence of anemia or hypoxia, the measure of SvO2
will therefore reflect the relationship between VO2 and CO, or
oxygen delivery (DO2), such that reductions in SvO2 are pre-
sumably due to an imbalance between DO2 and VO2:

SvO2 ∝ VO2/CO or SvO2 ∝ VO2/DO2.

Unfortunately, this mathematic expression of a physio-
logic relationship breaks down in the presence of anemia and
hypoxia, which are almost universal in the critically ill. There-
fore, regional ischemia and incipient organ failure can occur
despite normalization of SvO2, a globalmeasure. Consequently,
large studies have not demonstrated a survival advantage to nor-
malization of SvO2.

By contrast, almost all patients undergoing resuscitation
have a central venous catheter placed for fluid management,
vasopressor administration, and so forth, as part of the standard
of care. As a result, central venous oxygen saturation (ScvO2)

has been advocated as a surrogatemeasure of oxygen dynamics.
The validity of the SvO2–ScvO2 relationship remains in ques-
tion as the capacity of systemic markers to accurately reflect
microcirculatory events is dubious.

Overall, if clinical interventions are to effect morbidity and
mortality, they must be initiated prior to irreversibility of organ
failure, and titrated according to physiologic reserve to avoid
inducing or exacerbating further ischemia and organ injury.

Steroid therapy
The application of steroids in shock has long been debated.
Recent studies have demonstrated the secondary adrenal fail-
ure of sepsis, where both the synthesis of cortisol is inhib-
ited and its metabolism is enhanced. Evidence of relative
adrenal insufficiency is considered present when serum cor-
tisol levels demonstrate a �9 µg/dl increase in response to a
250-µg stimulation of adrenocorticotropic hormone (ACTH)
and is also supported by a random basal serum cortisol of
�20 µg/dl. Whether or not the decision to commence steroid
therapy should be based on this response has been debated,
largely because of the variability of the adrenal response in crit-
ical illness, the fact that free cortisol (the biologically important
hormone) is not measured. Therefore, it is now believed that
adrenal testing is unlikely to identify steroid responders and is
not warranted.

Where does this leave the clinician in deciding who, if any-
one, would benefit from steroids? Review of the latest clinical
evidence suggests that, in severe septic shock, where the patient
is unresponsive to resuscitation with both fluids and vasopres-
sors, the addition of steroid therapy hastens the reestablish-
ment of hemodynamic stability and reversal of shock. In terms
of mortality, however, conflicting results make this an area of
ongoing debate.

As for the recommended dose, low dose or physiologic
steroid replacement is the current approach (i.e., 200–300 mg
of hydrocortisone in three to four divided doses, or by continu-
ous infusion). Higher doses have been associated with worsen-
ingmortality and untoward complications including secondary
infection, myopathy, and so forth, and are not recommended.
The addition of fludrocortisone remains questionable, as hydro-
cortisone possessesmineralocorticoid activity (20mg of hydro-
cortisone is equivalent to 0.05 mg of fludrocortisone), and is
currently under investigation.

As to weaning, no clear protocol has emerged due to the
phenomenon of rebound, where there is a contemporaneous
decline in cardiovascular improvements and increased evidence
of inflammation with reduction in dose. The clinician must
therefore be guided by the clinical picture and consider gradual
reduction in dose only after establishment and maintenance of
stability.

Recombinant activated protein C
In sepsis, loss of thrombin modulation perpetuates a procoag-
ulant state with systemic progression of diffuse endovascular
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inflammation and injury, vascular autoregulatory collapse, and
organ ischemia. It is therefore apparent that, if outcome is to be
effected, onemust target the endothelium.The recent therapeu-
tic introduction of exogenous activated protein C in patients
with severe sepsis has been associated with a significant reduc-
tion in mortality. By restoring levels of protein C, thrombin
regulation is reestablished with a subsequent reduction in its
systemic inflammatory, procoagulant, and antifibrinolytic
activity. As a result, microvascular integrity is restored, atten-
uating the propagation of inflammatory and ischemic organ
injury and culminating in lowered morbidity and enhanced
survival in patients with septic shock. It is important to note
that activated protein C therapy carries the risk of increased
bleeding, and for that reason has not gained wide acceptance
in the perioperative setting. Some clinicians have questioned
the clinical effectiveness of this intervention, and further large
scale clinical trials are under way to confirm the utility of this
therapy in sepsis.

Ancillary therapies
Metabolic management
For some time it has been considered intuitive that excel-
lent glycemic control would positively impact morbidity and,
possibly, mortality in critically ill patients. However, the rela-
tionship between glucose control, the level of hyperglycemia,
the amount of administered exogenous insulin, morbidity, and
mortality has remained a contentious and hotly debated issue.
This debate is emphasized by recent observations of increased
mortality despite aggressive insulin regimens in critically ill
patients. Additionally, it has been suggested that the role of
insulin resistance, the apparent cause of hyperglycemia in crit-
ically ill patients, is emerging as a potentially more important
predictor andmarker ofmortality than is glycemic control.This
finding has led some researchers to conclude that glucose sta-
bility (as opposed to absolute levels) is of greater therapeutic
benefit. Indeed, recentmeta analyses showed that tight glycemic
control did not, in fact, confer any mortality benefit in criti-
cally ill patients, in part due to the incidence of hypoglycemic
events.

Hypoglycemiamay be the physiologic complication of striv-
ing for euglycemia, but the clinical cost may often be catas-
trophic, particularly in those patients with acute neurologic
injury. The avoidance of hypoglycemia is therefore critical. The
clinician must be aware that many of the clinical signs of hypo-
glycemia will be masked by intubation, vasoactive agents, seda-
tion, and paralyzing agents, to name a few. Therefore, vigilant
biochemical monitoring is often the sole means of avoiding
potentially tragic complications.

Ventilator management
Since sepsis is often associated with the injury of multiple
organs, it is not uncommon to see acute respiratory distress syn-
drome or acute lung injury in septic patients. In the absence

of any specific pharmacologic intervention in the treatment of
acute respiratory distress syndrome and/or acute lung injury
(ARDS/ALI), the mainstay of therapy has revolved around
mechanical ventilatory strategies. Whereas ARDS/ALI may be
diffuse, it is not necessarily uniform. Subsequently, different
areas of lung are subjected, and vulnerable to barotrauma and
inflammation-mediated alveolar trauma, producing heteroge-
nous injury. Using a lung-protective strategy (i.e., tidal vol-
umes of 6 ml/kg of predicted body weight with a range of
4–8 ml/kg, and plateau pressures of ≤30 cm H2O), mortal-
ity has been found to be reduced by 9%. This approach has
now become the cornerstone for ventilatory management in
these patients. The additional impact of recruitment maneu-
vers, optimal levels of positive end-expiratory pressure (PEEP),
optimal ventilatory mode, and effect of sedation continue to be
debated.

Future issues
If sepsis is a disease of the endothelium, then timely
intervention will be dependent on moving beyond conven-
tional macrophysiologic monitoring. Real-time assessment of
organ-specific microcirculatory events remains largely exper-
imental, but promising. With the evolution of oximetry to
near-infrared spectroscopy (NIRS; using near-infrared light
of 700–1100 nm wavelength), tissue now becomes virtually
translucent. Cytochromes of the respiratory chain now act as
chromophores in this spectrum, in relation to their oxidation
status allowing real-time assessment of oxygen dynamics at the
mitochondrial level.

Similar promise has been demonstrated with reflectance
spectrophotometry, optode microsensors, and oxygen elec-
trodes, to name a few.

As such technologies continue to shed light on these clinical
syndromes, our understanding of, and the potential for mean-
ingful interventions will continue to evolve.

Summary
1. Sepsis is a significant cause of morbidity and mortality in

critically ill patients.
2. Rapid diagnosis and intervention are required if sepsis

syndromes are to be successfully treated and organ injury
prevented or reversed.

3. It is important to realize that, when clinical evidence of
sepsis manifests, the disease process is already well
established.

4. The “surviving sepsis guidelines” (see Dillinger 2004)
provide the best available evidence for the treatment of
sepsis. These guidelines are also evolving as mechanisms of
disease and the impact of new therapies are analyzed.

5. Conventional global markers of perfusion are unreliable in
evaluating organ injury, since sepsis is a disease of the
microcirculation. Therefore, trends of these markers are
often more important than their absolute values.
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6. There is no clearly superior vasopressor in the treatment of
septic shock. The key to the success of resuscitation
remains the provision of sufficient perfusion pressure.

7. One must always be aware that dose–response
relationships are severely distorted by sepsis. Titrate the
dose of the vasoactive agents to effect and be aware of
potential side effects.

8. Sepsis is a systemic condition and therefore requires a
systemic approach: endocrine, ventilatory, nutritional
aspects of care, and so forth should all be carefully
monitored and addressed.
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Chapter

162 Anesthetic management of the brain-dead
organ donor
J. Matthias Walz and Stephen O. Heard

As of August 2010, more than 107,000 individuals were on
the waiting list for organ transplantation (Table 162.1). The
total number of transplants performed in the Unites States dur-
ing the preceding year was 28,463, of which 21,854 were from
deceased donors, and approximately 6,609 were from living
donors. There has been an increasing disparity over the last
decade between patients on the waiting list for organ trans-
plantation and available organs, despite governmental, private,
and public initiatives to raise awareness about this crisis in
health care. One of the most promising strategies to increase
the number of available organs for transplantation is to maxi-
mize the retrieval of organs from cadaveric donors, which relies
on optimal donor management in the preoperative and intra-
operative period, because up to 25% of potential organ donors
are lost to hemodynamic instability and other complications.
Protocol-driven perioperative management has been validated
in prospective clinical trials to significantly increase the number
of transplantable organs and will be outlined in this chapter.

The legal framework for organ transplantation in theUnited
States is defined in the National Organ Transplant Act (NOTA).
Regional agencies under the auspices of the United Network
for Organ Sharing (UNOS) are responsible for the allocation
of organs and the administration of waiting lists and are called
organ procurement organizations (OPOs). For example, the
New England Organ Bank (NEOB) is the OPO responsible for
the New England region.

The two principal sources of organs for solid organ trans-
plantation are living donors (related or unrelated) and cadavers
(cardiac death donors andbrain death donors).This chapterwill
focus on cadaveric transplantation after the brain death of the
potential organ donor.

Definition of brain death andmanagement
prior to organ donation
The most common cause of brain death in the adult poten-
tial organ donor is catastrophic brain injury due to anoxia,
trauma, subarachnoid hemorrhage (SAH), or ischemic stroke.
In children, the most common causes are abuse, motor vehi-
cle accidents, and asphyxia. The exact definition of brain death
may vary from state to state but always requires the absence of
brainstem reflexes, motor responses, and respiratory drive in a

comatose patient with irreversible brain injury. Furthermore,
the patient has to be normothermic, and metabolic abnor-
malities and drug intoxication as a cause of coma have to be
excluded. In addition to the physical examination, a number
of confirmatory tests, including nuclear medicine flow studies
and electroencephalogram (EEG), are available to complement
the physical examination in the diagnosis. The utility of four-
vessel angiography to document lack of blood flow to the brain
is limited because of the potential of end organ damage related
to the contrast agent (e.g., contrast-induced nephropathy) but
may be required for the patient who is in a pentobarbital coma
or in situations where the diagnosis of brain death remains in
doubt. One example of the key elements of the protocol used
for the documentation of brain death shown in Table 162.2
(Source: UMass Memorial Medical Center). The documenta-
tion of brain death requires two separate structured exami-
nations documenting the irreversible cessation of all cerebral
and brainstem function.The two physical examinations have to
be performed at least 6 hours apart, and some centers require
that these examinations be performed by two different physi-
cians. In addition to the physical examinations, an apnea test
has to be performed to document the absence of any sponta-
neous breathing activity. For a more detailed discussion of the
concept and diagnosis of brain death, see Nathan and Greer. If
a patient is declared brain dead according to state and insti-
tutional criteria, the focus of critical care therapy shifts from
restoring and maintaining brain function (which at this point
is irreversibly lost and equates to the death of an individual) to
the preservation of end organ function of the potential organ
donor. Although patients with overwhelming infection are not

Table 162.1. Patients on transplant waiting lists by organ system

All 107,882
Kidney 85,511
Pancreas 1,434
Kidney/pancreas 2,179
Liver 15,923
Intestine 256
Heart 3,112
Lung 1,772
Heart/lung 75

Source: UNOS, August 10, 2010. http://www.unos.org/data.
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Table 162.2. Clinical examination

Motor response No cerebral motor response to pain in all
extremities, sternal rub, supraorbital
pressure; no posturing; no grimacing
(spinal reflexes do not preclude diagnosis
of brain death)

Pupils No response to bright light; pupils fixed and
dilated (rule out preexisting pupillary
abnormalities)

Corneal reflex No response/blink to stimulation of corneas
with wisp of cotton

Cough No cough to deep tracheal/bronchial
suctioning

Gag No gag response to stimulation of posterior
pharynx

Oculocephalic No eye movements to rapid turning of the
head (eliminate test if cervical spine
injury is suspected)

Oculovestibular No deviation of eyes to irrigation in each ear
with ∼30 ml of ice water (allow 1 min
after injection and at least 5 min between
testing on each side; ensure intact,
unobstructed tympanic membrane)

Absence of respiratory drive
at a PaCO2 of 60 mm Hg
(or 20 mm Hg above
patient’s baseline values)

Apnea test should be done last, after all
other brainstem reflexes are absent,
according to institutional guidelines

considered for organ donation, patients with meningitis, bac-
teremia, or fungemia (as well as hepatitis B or C virus infec-
tion) may be eligible. It is important to involve the local OPO
early in the process to determine the eligibility of an individ-
ual to donate, because eligibility criteria for organ donation are
always in flux. Some patients who may not seem to be candi-
dates can go on to successful donation after careful evaluation
by a team of experts. For a list of absolute contraindications to
organ donation see Table 162.3.

Intraoperative anesthetic management
Theprogression to brain death will result in a number of patho-
physiologic changes that can cause profound hemodynamic
instability. Left untreated, this instability would result in multi-
system organ failure and cardiovascular collapse in 70% to 80%
of brain-dead individuals within 3 to 5 days and include car-
diovascular, respiratory, hematologic, and metabolic changes.
There is good evidence to support the use of protocol-driven
pre- and intraoperative management of the potential organ
donor. One of the challenges of providing intraoperative care
for the potential organ donor is the competing interests of par-
ticipating transplant specialties. For example, the team retriev-

Table 162.3. Absolute contraindications to organ donation

HIV infection (donation is possible if recipient is also HIV positive)
Human T-cell leukemia-lymphoma virus infection
Systemic viral infections (e.g., measles, rabies, adenovirus, parvovirus,

enterovirus)
Prion-related diseases
Herpetic meningoencephalitis
Advanced malignant disease

ing the kidneys for transplantation will be interested in brisk
urine output, whereas the surgeon recovering the lungs may be
concerned about volume overload and impaired gas exchange.
It is crucially important to maintain excellent communication
with the participating providers to prioritize and discuss resus-
citation strategies that will result in optimal organ function for
the recipients.

Anesthetic management in the operating room is a contin-
uation of therapies started in the intensive care unit with the
aim of maintaining end organ perfusion and oxygenation, as
well as maintaining optimal electrolyte and acid base status.
Monitoring should include American Society of Anesthesiolo-
gists (ASA) standard monitors as well as invasive arterial blood
pressuremanagement, a central venous catheter, two large-bore
peripheral venous catheters, a urinary catheter, blood gas anal-
ysis at regular intervals, as well as electrolyte panels as indi-
cated. Because there is no perception of pain in a brain-dead
individual (complete loss of cortical function), there is no abso-
lute need for opioids or inhalational anesthetics. Due to the
loss of inhibitory signals from the brainstem to the spinal cord,
there may be hyperreflexia in response to somatic and visceral
stimulation during the surgical procedure. Muscle relaxation
should bemaintained to optimize surgical conditions, and signs
of high sympathetic tone, such as hypertension, tachycardia,
and diaphoresis, can be managed with short-acting β-blockers
and antihypertensives. After the onset of brain death, the indi-
vidual is prone to hypothermia due to the loss of hypotha-
lamic thermoregulation. Multimodal warming strategies will
help to avoid adverse effects, such as coagulopathy, cardiac
dysfunction, arrhythmia, and cold-induced diuresis. Addition-
ally, hypothermia can shift the oxygen–hemoglobin dissocia-
tion curve to the left, resulting in impaired oxygen delivery
to the tissues. Ideally, core temperature of the potential organ
donor should be maintained above 35◦C.

Cardiovascular
Ischemia of the brain secondary to irreversible injury results
in markedly increased sympathetic tone to maintain cerebral
perfusion pressure. This increase in sympathetic outflow can
initially lead to hypertension, arrhythmia (bradyarrhythmia),
and subendocardial ischemia, predominantly of the left ven-
tricle. After brain herniation is complete, sympathetic outflow
will cease, resulting in marked hypotension, often exacerbated
by relative hypovolemia as a result of osmotic therapy to lower
intracranial pressure. To maintain adequate end organ perfu-
sion prior to organ retrieval, fluid, vasopressor, and inotropic
therapy should be titrated to hemodynamic targets as out-
lined in Table 162.4. Patients eligible for cardiac donation will
undergo transthoracic or esophageal echocardiography or car-
diac catheterization in the preoperative period to assess car-
diac performance or disease. Unstable patients will require
advanced hemodynamic monitoring based on thermodilution
methods (pulmonary artery catheter), invasive arterial blood
pressure monitoring, and/or hemodynamic monitoring based
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Table 162.4. Hemodynamic and physiologic endpoints during
anesthetic management of the potential organ donor

Systolic/mean arterial blood pressure ≥90 mm Hg / ≥60 mm Hg
Central venous pressure ≤12 mm Hg
Pulmonary capillary wedge pressure ≤12 mm Hg
Cardiac index >2.5 L/min/M2

Left ventricular stroke work index >15 g.m/M2

Systemic vascular resistance 800–1200 dyn·s·cm-5

Urine output >1 and <4 ml/kg/h
Core temperature >35◦C
Hematocrit ≥25%
Oxygen saturation >95%
pH 7.35–7.45

Adapted from Wood KE, et al. Care of the potential organ donor. N Engl J
Med 2004; 351:2730–2739.

on ultrasound techniques (transesophageal echocardiography,
esophageal Doppler ultrasound). For patients who remain
hemodynamically unstable despite conventional resuscitative
measures as evidenced by poor cardiac output (CO), inade-
quate end organ perfusion, and increasing lactate levels, three-
drug hormonal resuscitation should be initiated. This strategy
includes a methylprednisolone bolus and infusion of arginine–
vasopressin and thyroid hormone (Table 162.5). Intravenous
administration of thyroid hormone appears to improvemyocar-
dial contractility, resulting in an increase of mean arterial
pressure (MAP) and CO as well as decreased catecholamine
requirements and arrhythmias. Although earlier studies have
not documented improved cardiac performance with hormone
replacement therapy, more recent studies have been encourag-
ing. Rosendale and coworkers were able to show in a group of
701 brain-dead organ donors a 22.5% increase in the number
of organs transplanted per donor, and hormonal resuscitation
appears to be beneficial for donors both younger and older than
40 years. For a hydraulic model of the circulation in the poten-
tial organ donor, see Fig. 162.1.

Fluid management
Theprincipal choice of fluids for intraoperative management of
the potential organ donor includes crystalloids, either isotonic
or hypotonic, and colloids, including plasma and red cell prod-
ucts. The type of organ(s) scheduled for retrieval will impact
the fluid resuscitation strategy. If the lungs are to be procured, a

Table 162.5. Hormone replacement therapy

Bolus Infusion

Triiodothyronine 4.0 µg 3.0 µg/h
Alternatively: Thyroxine 20 µg 10 µg/h
In combination with:
Methylprednisolone 15 mg/kg Repeat in 24 h
Arginine–vasopressin 1 U 0.5–4.0 U/h

Adapted from Wood KE, et al. Care of the potential organ donor. N Engl J
Med 2004; 351:2730–2739.

minimally positive fluid balance has been shown to be beneficial
for organ function, whereas more aggressive fluid administra-
tion results in improved renal function. In cases where both
kidneys and lungs are to be procured, targeted hemodynamic
management as outlined earlier in the text is advisable. Fre-
quently, patients with devastating head injuries as the cause of
brain death will present to the operating room with marked
hypernatremia and a free water deficit. These abnormalities
should not be corrected with large amounts of dextrose-
containing solutions because of resulting hyperglycemia,
osmotic diuresis, and other electrolyte abnormalities. Instead,
hypotonic solutions should be infused to normalize sodium
levels to avoid graft damage (liver) related to high sodium
levels. Hyperoncotic colloids containing hydroxyethyl starch
have been implicated in renal tubular damage and impaired
early graft function and should be avoided. Although there is
insufficient evidence to recommend a certain transfusion trig-
ger, it seems reasonable to keep hematocrit levels between 25%
and 30% to ensure adequate oxygen delivery and hemodynamic
stability. In the case of pronounced metabolic acidosis, sodium
bicarbonate may be added to half-normal saline solution (50
mmol/L) to optimize acid–base status. It is important that all
fluids be warmed to avoid patient hypothermia.

Respiratory
Respiratory complications are common in the potential organ
donor and are related to prolongedmechanical ventilation, neu-
rogenic pulmonary edema secondary to brain death, or aspira-
tion andpulmonary contusion in patientswithmultiple trauma.
In the absence of controlled trials in this patient population,
lung-protective ventilation strategies as applied in patients with
acute respiratory distress syndrome (ARDS) should be contin-
ued through the perioperative period. These strategies include
tidal volumes of 6 to 8ml/kg of ideal body weight and the appli-
cation of positive end-expiratory pressure to prevent atelecta-
sis and optimize gas exchange. High fractions of inspired oxy-
gen should be avoided, if possible, to prevent oxygen toxicity
to the lung. Plateau pressures should not exceed 30 cm H2O.
Bronchoscopy may be necessary to remove airway secretions
and evaluate bronchial anatomy prior to transplantation. The
use of colloids in patients scheduled for lung retrieval should
be considered to avoid a positive fluid balance. Diuresis may
be necessary in patients with frank volume overload. Hypocap-
nia should be avoided after the diagnosis of brain death because
it will shift the oxygen–hemoglobin dissociation curve to the
left and impair oxygen delivery to the tissues. It is impor-
tant to remember that a brain-dead individual has a lower
metabolic rate, which translates into decreased minute venti-
lation to maintain normocarbia.

Metabolic
Approximately 80% of patients with brain death will develop
diabetes insipidus (DI) due to the destruction of the poste-
rior pituitary gland and the resultant antidiuretic hormone
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Figure 162.1. Hydraulic model of the circula-
tion in the potential organ donor. Hypotension
frequently occurs as a result of many factors and
requires a structured approach to the differential
diagnosis. Hypovolemia can be either absolute or
effective, and an accurate assessment frequently
requires the use of invasive monitoring techniques.
Cardiac dysfunction and vasodilation commonly
occur together, but they can arise from disparate
processes that should be sought and corrected.
Reprinted with permission from N Engl J Med 2004;
351(26):2730–2739.

(ADH) deficiency. The diagnostic features of DI are outlined in
Table 162.6. To avoid hemodynamic instability and marked
alterations in electrolyte balance, urine output should be
matchedwith crystalloid infusionswhilemonitoring electrolyte
levels. If hourly urine output is greater than 200 ml, pharma-
cologic treatment with desmopressin acetate (DDAVP), a V2-
receptor agonist causing renal water conservation, is indicated.
The drug is available for intravenous (IV), subcutaneous (SC),

Table 162.6. Diagnostic features of DI

Urine output ≥5 ml/kg/h
Urine specific gravity ≤1005
Urine osmolarity <300 mOsm/L
Serum osmolarity >310 mOsm/L
Hypernatremia ≥155 mmol/L
Hypovolemia
Hypokalemia
Hypomagnesemia
Hypophosphatemia
Hypocalcemia

and intranasal administration. The dose for SC or IV admin-
istration is 1 to 2 µg twice daily; the intranasal dose required
to maintain normal urine volume is more variable and ranges
between 10 and 40 µg daily. A continuous infusion of vaso-
pressin can also be used to treat DI.

Endocrine synthetic function of the pancreas is sufficient
after the onset of brain death; however, insulin resistance will
result in hyperglycemia in the majority of potential organ
donors. Blood glucose levels should be maintained in the range
of 80 to 150 mg/dl with a continuous insulin infusion.

Hematologic
Coagulopathy is a common problem in the potential organ
donor and can be caused by hypothermia, acidosis, and the
release of procoagulant substances from traumatized brain
tissue (i.e., thromboplastin and cerebral gangliosides). Dis-
seminated intravascular coagulation (DIC), which can be
further exacerbated by dilutional coagulopathy from resuscita-
tion with crystalloid, may ensue. In addition, there is evidence
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that patients with severe traumatic brain injury (TBI) develop
platelet dysfunction, and a bleeding tendency can be present
even if circulating platelet counts are normal. The effect of
DIC on transplantation appears to be minimal as no signifi-
cant differences between the number of retrieved organs among
donors suffering from severe TBI with or without DIC have
been shown. Treatment of clinical coagulopathy should include
correction of the international normalized ratio (INR) to �2.0,
maintenance of a platelet count ≥ 80,000 per cubic centimeter,
and maintenance of hematocrit levels between 25% and 30%.
Thromboelastographymay be helpful in addition to routine lab-
oratory testing to guide treatment of coagulopathy in the peri-
operative period.

In summary, the key elements of anesthetic management
for the potential organ donor include maintenance of adequate
end organ perfusion by aggressively treating hemodynamic
and electrolyte instability. If conventional measures directed at
maintaining hemodynamic stability are unsuccessful, the addi-
tion of hormonal resuscitation may improve outcomes. The
implementation of evidence-based treatment protocols in cen-
ters involved in organ donation is recommended to improve
function of transplanted organs.
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163 Principles of traumamanagement
Mallory Williams and Selwyn O. Rogers Jr.

Introduction
Trauma is a surgical disease that results in more than 5 million
deaths worldwide each year. In the United States, standard-
ized management principles have evolved to address variations
in processes of care to improve the outcomes of traumatized
patients. The American College of Surgeons developed the
Advanced Trauma Life Support (ATLS) and tiered levels of
trauma care to improve trauma outcomes across the United
States. In many settings, surgeons and emergency medicine
physicians participate in the initial workup of trauma patients.
The principle of the golden hour refers to the limited time avail-
able to intervene effectively to salvage life and limb.The golden
hour calls for the immediate prioritization and management of
the trauma patient according to ATLS principles. The ABCDE
mnemonic was developed to enforce prioritization in trauma
management in descending order of importance:
Airway and cervical spine protection
Breathing
Circulation and hemorrhage control
Disability and neurologic status
Exposure and environmental aspects
ATLS outlines the fundamental management concepts of

the trauma patient:

1. Treat injuries that have the greatest risk to life first.
2. Lack of definitive diagnosis should never impede the

application of an indicated treatment.
3. A detailed history is not essential in the evaluation and

treatment of the injured patient.

We will review the components of the primary survey in the
evaluation of the trauma patient, focusing on what an anesthe-
siologist should know.

The primary survey
During the primary survey, life-threatening injuries are iden-
tified and managed. Careful attention to the ABCDEs pro-
vides an opportunity to rapidly evaluate a critically ill trauma
patient while stabilizing the patient hemodynamically.This ini-
tial assessmentmust be completed on all trauma patients before
moving on to amore detailed history and physical examination,
called the secondary survey.

Airway and cervical spine protection
In trauma management, the highest priority is to obtain and
maintain a patent airway. Failure to do so leads to increased
mortality. The evaluation begins by placing the patient in an
appropriately sized cervical spine collar and assessing airway
patency. Appropriate voice quality usually indicates a patent air-
way. A hoarse or breathless response may indicate airway com-
promise. Disorderly or confused conduct and language may
also be indicator of hypoxia, whereas no response may indicate
neurologic disturbance. For patients who are unable to protect
their own airway, the airway should be inspected for an ede-
matous tongue, foreign body, secretions, and blood. The sim-
ple maneuvers of chin lift and jaw thrust can be performed
to secure airway patency. For patients with airway compro-
mise or for those in a coma, it is essential to secure a defini-
tive airway. Unless contraindicated, direct laryngoscopy with
passage of a cuffed endotracheal tube is the primary approach
to securing the airway. Appropriate placement has to be con-
firmed by both end-tidal carbon dioxide (CO2) monitor and
auscultation of breath sounds. Recent experience indicates that
airway patency may be improved by the use of laryngeal mask
airways (LMAs); however, these devices should not be con-
sidered a secure and definitive airway for the management of
trauma patients because of their significant risk of aspiration
(due to delayed gastric emptying). In some circumstances, fiber-
optic bronchoscopic intubation may be attempted but should
not delay the primary survey and the delivery of life-saving
interventions. If securing the airway via direct laryngoscopy is
unsuccessful in an expeditious manner for patients in need of
a definitive airway, surgical airway by cricothyroidotomy has to
be performed by an experienced provider. Cricothyroidotomy
should be performed at the bedside, preferably by a surgeon.
Airway compromise is a threat to life andmust be treated emer-
gently. Hypoxia also represents a secondary insult to patients
with brain injury and worsens prognosis.

Breathing
The ability to breathe requires a patent airway, functional
lung parenchyma, and appropriate chest wall and diaphragm
dynamics. Trauma may interfere with all of the above. Pneu-
mothorax or hemothorax both can be life threatening, and
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should be evacuatedwith a thoracostomy tube. For patientswho
present with a deviated trachea, hypotension, distended neck
veins, and absent breath sounds, tension pneumothorax should
be suspected. Tube thoracotomy should be immediately per-
formed on the side with the absent breath sounds. A tension
pneumothorax can be transiently decompressed with the place-
ment of a 14-gauge angiocatheter in the 2nd intercostal space in
the midclavicular line. Following this maneuver, a thoracotomy
tube has to be placed for continued air evacuation.Occasionally,
the chest wall may be violated secondary to penetrating trauma,
creating a sucking chest wound. Bandaging this wound with a
4× 4 gauze taped on three sides will improve chest wall dynam-
ics for breathing.

More commonly, chest wall trauma produces injuries such
as pulmonary contusions.Aflail chestwall results frommultiple
contiguous rib fractures along two lines (that are either located
bilaterally or in anterior and posterior positions on one side of
the chest). Flail chest will lead to poor ventilatory mechanics
(due to an unstable chestwall), increasedwork of breathing, and
pain. Although these injuries are not immediately life threaten-
ing, they are formidable causes of prolonged intensive care unit
(ICU) stay, especially in the elderly population. Pain control is
essential. Rib fractures are an important cause of morbidity and
mortality, particularly in elderly patients. Elderly patients suf-
fer twice the mortality of younger patients with rib fractures.
Rib fractures, due to their accompanying pulmonary compro-
mise, should be identified early as life threatening in the elderly
patient. ICU admission for appropriate pain management is
recommended, in addition to a thoracic epidural or paraverte-
bral catheter placement, adequate pulmonary toilet, and early
mobilization.

Circulation and hemorrhage control
Hypotension is the most ominous sign in the trauma patient.
Hypotension is used in the field as a key vital sign to triage
patients to Level 1 trauma centers. Prevention andprompt treat-
ment of hypovolemic (hemorrhagic) shock is an essential com-
ponent of early and successful management of trauma patients.
In the hypotensive patient, the primary survey evaluation with
ABCDE prioritization is performed with a rapid assessment
and correction of life-threatening injuries, such as airway com-
promise, tension pneumothorax, flail chest, or open exsan-
guinating wounds. Soft tissue injuries such as scalp lacerations,
complex perineal wounds, or vascular bleeding from extremity
woundsmay all be sources of hypotension. Orthopedic injuries,
such as long bone fractures in the lower extremities, can be
responsible for two or more units of blood loss per thigh com-
partment. The primary concern of the trauma surgeon is the
rapid identification of the source(s) of hypotension and appro-
priate therapeutic intervention(s).

The development of trauma systems to rapidly identify and
prioritize these patients as critical and rapidly transport them to
American College of Surgeons’ Committee on Trauma verified
trauma centers has been shown to save lives. The hypotensive

trauma patient undergoes a primary survey with ABCDE pri-
oritization. After access has been established, response to bolus
crystalloid infusion is evaluated. Appropriate large-bore intra-
venous access should be established in anticipation of large fluid
and blood product requirements. Peripherally placed 14-gauge
angiocatheters in bilateral upper extremities should be themin-
imal standard. Patients may be characterized in the following
manner: responders, transient responders, or nonresponders.
Patients who are transient or nonresponders and who do not
have spinal shock must be assumed to have ongoing hemor-
rhage. Focused assessment with sonography for trauma (FAST)
may be done as an adjunct to the primary survey to rule out
intra-abdominal bleeding. Resuscitation should not be delayed
due to the lack of crossmatched blood. “Emergency release”
O negative blood can be used for blood transfusion of these
patients (see more refined details on the rules governing emer-
gency transfusions in Part 12). Early identification of patients
who will require large amounts of blood transfusion should
prompt activation of a massive transfusion protocol for effi-
cient delivery of blood for transfusion until hemorrhage control
has been achieved. Patients with signs and symptoms of intra-
abdominal injury, such as a distended and tender abdomen,
should undergo emergent celiotomy.

A circumstance needing special discussion is that of the
multitrauma patient with pelvic fractures. Pelvic fractures
should be appropriately reduced. The patient with a pelvic
fracture may have severe hypotension and need angiographic
embolization as an initial therapeutic intervention, instead
of laparotomy. Patients with pelvic fractures will occasion-
ally require both celiotomy for intra-abdominal injury and
embolization for the control of bleeding. Sequencing and tim-
ing require surgical judgment as well as timely availability of
resources, such as the angiography team.

Compression of actively bleeding open wounds should con-
tinue until arrival to the operating room. The radiology suite
may not be an appropriate location for unstable patients. Trans-
fusion of red blood cells should prompt an early prioritiza-
tion of replacing clotting factors with fresh frozen plasma.
Massive transfusion can be defined as more than 10 units of
packed red blood cells (pRBCs; a patient’s total blood vol-
ume) over a 24-hour period of time. This definition has been
expanded to mean 50 units of pRBCs over 24 to 48 hours. Mas-
sive transfusion protocols guide therapy with the aim of rapid
restoration of intravascular blood volume with effective oxygen
carrying capacity and hemostasis. Dilutional thrombocytope-
nia becomes a problem after replacement of 1.5 times the blood
volume. Thrombocytopenia can occur with smaller transfu-
sion quantities if disseminated intravascular coagulation (DIC)
occurs or if there is preexisting thrombocytopenia. Platelets
are given when levels fall below 50,000. Fresh frozen plasma
is administered concomitantly with the aim of maintaining the
prothrombin time (PT) and partial thromboplastin time (PTT)
below 1.5 times normal. Cryoprecipitate may be given for fib-
rinogen levels less than 0.8 g/L. Coagulopathy often results
fromDIC,metabolic derangements, and hypothermia, which is
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Table 163.1. Glasgow Coma Scale

1 2 3 4 5 6

Eyes Does not open eyes Opens eyes in response to
painful stimuli

Opens eyes in response to
voice

Opens eyes
spontaneously

N/A N/A

Verbal Makes no sounds Incomprehensible sounds Utters inappropriate words Confused, disoriented Oriented, converses
normally

N/A

Motor Makes no
movements

Extension to painful stimuli Abnormal flexion to painful
stimuli

Flexion/withdrawal to
painful stimuli

Localizes painful
stimuli

Obeys
commands

N/A, not applicable.

further exacerbated by delayed or inadequate resuscitation.
New enthusiasm for the use of whole blood has been precipi-
tated by the casualties suffered in the Iraq war. The attractive-
ness of this approach stems from the fact that whole blood
contains all essential clotting factors and maintains oxygen car-
rying capacity. Retrospective studies suggest the use of fresh
frozen plasma and platelets in low ratios with packed red blood
cells for resuscitation enhances survival.

Disability and exposure
Assessment of neurologic status is important. Early documenta-
tion of neurologic function is valuable, especially for prognos-
tic purposes. The initial neurologic assessment in the trauma
bay is often based on the Glasgow Coma Scale (GCS). The GCS
is a summation score based on best eye opening, best motor,
and best verbal responses (Table 163.1).TheGCS can be altered
by systematic factors such as drug intoxication, hypoxia, and
hypotension.

Trauma patients should be fully exposed to identify all
sources of external injury.The exit pathway of projectiles is par-
ticularly crucial in establishingwhethermidline structures have
been violated. Ruling out perforation of critical aerodigestive
and vascular structures is important, as these missed injuries
lead to significant morbidity and delayed mortality. As soon
as possible following the secondary survey, the patient’s body
should be covered. The trauma bay should be maintained at a
warm temperature.

Trauma patients are often exposed to the external environ-
ment for long periods of time.When the ambient temperature is
less than 98.6◦F, loss of body heat occurs. Hypothermia by itself
increases mortality, contributes to coagulopathy, and must be
avoided at all costs.The key factors to consider are body surface
area, temperature gradient, and time of exposure.

Conduction, convection, and evaporation are important
potential sources of heat loss for trauma patients. Conduction
is heat loss through direct contact between objects. Water con-
ducts heat away from the body 25 times faster than air. Wet
clothes are an important source of loss of body heat. Con-
vection is a process of conduction during which one of the
objects is in motion. Molecules against the surface are heated,
move away, and are replaced by new molecules that are also
heated.Wind chill is an example of convection heat loss. Finally,

evaporation is heat loss from converting water to a liquid to
a gas. Examples of evaporative heat loss are perspiration and
respiration.

This chapter has covered the essentials of the initial trauma
care in the hospital setting, especially related to the assessment
and management of the trauma patient. ATLS addresses the
approach to the trauma patient in a structured and systematic
manner.
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164 Venous thromboembolic disease
in the critically ill patient
Mallory Williams, Naomi Shimizu, and Jonathan D. Gates

Deep venous thrombosis
Rudolf Ludwig Karl Virchow in 1856 described the triad of sta-
sis, injury to the blood vessel (endothelial cell dysfunction), and
change in the composition of the blood (hypercoagulability) as
factors predisposing patients to pulmonary thromboembolism.
He coined the term embolia and described the process of emboli
breaking off and traveling to the lungs from the deep veins. Vir-
chow understood that the etiology of pulmonary emboli was
deep venous thrombosis (DVT). Patients in the intensive care
unit (ICU) are at particularly high risk of venous thromboem-
bolic disease. Their overall immobility, high predilection for
indwelling venous catheters, and disease processes that induce
inflammatory states causing endothelial damage are the basis
for a high-risk profile and increased morbidity and mortality
from DVT and pulmonary embolism (PE).

Epidemiology
DVT and PE, known collectively as venous thromboembolic
events (VTE), are the number one cause of preventable in-
hospital mortality. Goldhaber and colleagues reported a 33%
incidence of DVT in medical ICU patients despite 61% having
prophylaxis. Several studies using Doppler ultrasonography
demonstrated that 6.4% of patients had DVT on admission
to the ICU. Considering that more than 2 million people are
admitted to an ICU each year in theUnited States, there are pos-
sibly 128,000 patients who are admitted to the ICU with DVT.
These projections are consistent with the estimated 2 million
DVTs per year in the United States. The only study to use con-
trast venography (the gold standard) to diagnose DVT detected
28%DVTand 8%proximalDVT in the 85 patients with chronic
obstructive pulmonary disease (COPD) exacerbations. PE has
been reported in 7% to 27% of postmortem examinations of
ICU patients.

Pathophysiology
The tendency toward thrombosis occurs when the physiologic
balance favors coagulation over anticoagulation. The patho-
physiology of venous thrombosis is therefore an accumulation
of factors that stimulate coagulation and inhibit anticoagula-
tion andfibrinolysis. Immobility is the principle causative factor

for thrombosis in the ICU. Inactivity inhibits the fibrinolytic
system. An overall increase in blood viscosity causes reduced
blood flow that facilitates coagulation and venous thrombo-
sis. Tissue damage impairs fibrinolysis through inflammation
and cytokine production. Patients who have inherited defi-
ciencies of the circulating anticoagulants, antithrombin and
proteins C and S, are more likely to suffer from venous throm-
bosis. These inherited deficiencies are found in 20% of patients
who have a history of venous thrombosis and whose first DVT
occurs before age 41. Factor V Leiden deficiency has been
established as the most common cause of inherited venous
thrombophilia. The second most common cause is a muta-
tion in the prothrombin gene G20210A. Most patients with
thromboembolism, however, have no identifiable causes of
hypercoagulability.

Venous thrombi are primarily composed of fibrin and red
blood cells. Venous thrombus formation principally occurs at
sites of vessel damage and at valve cusp pockets in the deep
veins of the calves. Veins often do recanalize as the throm-
bus is resorbed, but they leave behind incompetent venous
valves. Destruction of venous valves after venous thrombosis
leads to a postphlebitic syndrome that may present as pain,
swelling, discoloration, skin pigmentation, and venous ulcers.
These veins with damaged valves are susceptible to recurrent
thrombosis.

The soleal veins of the lower extremity are themost common
sites of thrombosis. Although these thrombi rarely embolize,
15% to 20% do propagate. Venous thrombosis that propagates
to the femoral and iliac veins may cause massive swelling,
discoloration, and pain. This syndrome is called phlegmasia
cerulean dolans. If thrombosis is complete in the leg, distal
venous pressure will increase to the point at which arterial
inflow is reduced and the limb becomes ischemic. This syn-
drome is called phlegmasia cerulean albicans and may be seen
with disseminated malignancy and sepsis.

Upper extremity venous thrombosis in the ICU is often
related to the presence of indwelling central venous catheters.
The expanded use of peripherally inserted central catheters
has made secondary thrombosis of the upper extremity more
prominent. In a prospective registry of 592 patients, it was
found that 324 (or 55%) of patients had central venous
catheter–associated DVT, and 268 patients had noncentral
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venous catheter–associated DVT. PE, however, was as likely
in both groups. Upper extremity DVT now accounts for
8% to 10% of all DVTs in the United States. Other causes
of upper extremity venous thrombosis are intravenous drug
abuse, congenital malformations, neoplasia, or upper extremity
trauma.

Diagnosis
Clinical examination
The classic signs of unilateral leg swelling and pain with forced
dorsiflexion of the foot (Homan’s sign) are only 35% sensitive
for DVT. Scoring systems that are often used for outpatients
have not been validated in the ICU.

Duplex ultrasonography
The diagnostic test of choice for DVT is duplex ultrasonogra-
phy.The sensitivity for proximal DVT is 97%, but it decreases to
73% for calf DVT.The specificity for proximal vein DVT is 94%
with a negative predictive value of 99%. The overall weakness
of this imaging study is in detecting DVT in the calf and DVT
proximal to the inguinal ligament. Duplex ultrasonography also
cannot detect new clots in patients with known DVT. Ultra-
sonography has not been found to be cost effective when used as
a screening tool for all ICU patients. Only patients with a high
degree of clinical suspicion (high pretest probability) should be
tested.

The following are the diagnostic criteria of DVT by duplex
ultrasonography:

1. Noncompressibility of the vein,
2. Presence of echogenic material in lumen,
3. Loss of phasicity and augmentation of spontaneous flow,

and
4. Venous distention.

Contrast venography
Contrast venography is now seldom used in the diagnosis of
DVT.The potential for renal toxicity from the contrast dye adds
to patient morbidity, which is a concern in the ICU setting.
However, it is the accepted gold standard for diagnosis of DVT.
Due to its high sensitivity and specificity, only 1.3% of patients
with DVT will have negative venography. The morbidity of
venography can be reduced by using isotonic radiographic dye.

MRI
Sometimes there are difficulties in obtaining an accurate duplex
ultrasound of the extremities for the diagnosis of DVT in ICU
patients. Factors such as body habitus, injured extremities,
patient hardware, and medical equipment may interfere with
the images. While costly andmore time consuming, one option
is to use MRI, which has a sensitivity of 92% and a specificity of
95% for detecting DVT. Compared to duplex ultrasound, MRI
is more sensitive for proximal than distal DVT.

Perioperative management
of anticoagulation
Venous thromboembolism
Perioperative management of anticoagulation for venous
thromboembolism is determined by the number ofmonths that
have passed since the VTE. After an acute episode of venous
thromboembolism, the risk of recurrence decreases rapidly
over the next 3 months. This risk of recurrent DVT 3 months
after a proximal DVT is approximately 50% without anticoagu-
lation therapy. One month of warfarin therapy reduces this risk
to 10%, and 3 months of warfarin therapy reduces this risk to
5%. Considering these data, stopping anticoagulants in the first
month after an acute DVT is associated with a 40% risk of VTE.
Stopping anticoagulants in the second or third month after an
acute DVT is associated with a 10% risk of VTE. For patients
who are on long-term anticoagulation for multiple episodes of
VTE, hypercoagulable state, or cancer, discontinuation of war-
farin therapy is associated with a 15% per year risk of throm-
boembolism.

For patients who present after an acute venous throm-
boembolism, each day without anticoagulation is associated
with a 1% absolute increase in the risk of recurrence. Despite
the risk of increasing the rate of bleeding, immediate post-
operative intravenous heparin therapy reduces the serious
morbidity in these patients because of the extremely high
thromboembolic risk. In the second and third months after
venous thromboembolism, immediate postoperative intra-
venous heparin therapy is justified.Threemonths after a venous
thromboembolism, full postoperative anticoagulation mea-
sures are no longer required. Only prophylactic measures, such
as subcutaneous low-molecular-weight heparin (LMWH) given
with or without graduated compression stockings and intermit-
tent pneumatic compression boots, should be used.

Bridge therapy with
low-molecular-weight-heparin
Bridge therapy is a therapeutic strategy employed when a
patient who is at high risk of VTE needs to have warfarin ther-
apy interrupted for a period of time for surgery. There are no
available randomized, prospective trials validating this strategy.
Patients would stop taking their warfarin 5 days before their
procedure. Full-dose LMWH would be started at this time.
On the day of surgery, only a prophylactic LMWH dose would
be given. On postoperative day 1, both warfarin and LMWH
full-dose therapy would be restarted. Some protocols are more
aggressive and start LMWH in the immediate postoperative
period.

Prevention and treatment
In the management of patients at high risk for the develop-
ment of DVT, one should focus on effective prevention. In
its 2001 policy statement, the Agency for Healthcare Research
and Quality identified DVT prophylaxis as one of the top
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priorities among 79 patient safety interventions, all based on
strong evidence. In 2005, the Institute for Healthcare Improve-
ment developed care bundles, which grouped evidence-based
interventions that reduced the morbidity, mortality, and health
care costs from a disease process. DVT prophylaxis is now an
integral component in the ventilator bundle order sets applied
to all ventilated ICU patients, unless contraindicated.

Patients at risk forDVTmay be identified by surveillance for
risk factors and associated comorbidities. One study by Gold-
haber and colleagues designed a prospective registry of 5451
patients with ultrasound-confirmed DVT to identify comor-
bidities. The five most frequent comorbidities were hyper-
tension (50%), surgery within 3 months (38%), immobility
within 30 days (34%), cancer (32%), and obesity (27%). Rogers
and colleagues used data from the Patient Safety in Surgery
Study to develop a predictive model for venous thromboem-
bolism. Fifteen variables were independently associated with
increased risk of DVT. These variables included patient gen-
der (female), higher American Society of Anesthesiologists
(ASA) class (2–5), ventilator dependence, preoperative dys-
pnea, wound classification (infected/contaminated), dissem-
inated cancer, chemotherapy within 30 days, transfusion of
more than 4 units of packed red blood cells in the 72 hours
before operation, preoperative laboratory values (albumin
�3.5 mg/dl, bilirubin �1.0 mg/dl, sodium �145mmol/L, and
hematocrit�38%), and operation characteristics (type of surgi-
cal procedure, emergency operation, work relative value units).
A multifactorial risk index for DVT may guide our decision on
DVT prophylaxis and may improve quality in patient care.

The best method of DVT prevention is early ambulation.
Because early ambulation is not an option in the ICU setting,
other prophylactic therapy is used.

Compression devices
Compression devices are simple and are without adverse risk.
Early studies by Knight and Dawson in 1976 suggested that
compression devices work by promoting fibrinolysis. Both
pneumatic compression and compression stockings are now
used to prevent blood stasis in the deep vein. Although inter-
mittent compression has been thought to work in the preven-
tion ofDVTby promoting venous flow, there is no evidence that
devices that produce higher velocities are more effective.

Goldhaber and colleagues prospectively studied 330 cardiac
surgery patients by using twomechanical regimens ofDVTpro-
phylaxis. The primary endpoint in their study was ultrasound
assessment of lower extremity DVT on hospital discharge.They
found that patients assigned to intermittent pneumatic com-
pression and graduated compression stockings had a DVT rate
of 19% versus 22% in patients assigned to graduated compres-
sion stockings only.

Chemical prophylaxis
Heparin is the standard of treatment for DVT and for the
prevention of DVT and thrombus extension. A more effective

chemical prophylaxis for DVT can be accomplished with the
use of LMWH, which has been proven to be safe and effective
both in prevention and treatment of acute proximal DVT. The
advantages of LMWH over unfractionated heparin are better
bioavailability, a longer half-life, and more predictable antico-
agulant activity. The disadvantages are the higher risk of major
bleeding and the inability to monitor and titrate the dosage.
Fixed doses of LMWH are used for VTE prophylaxis regard-
less of body mass index, but weight-based dosing with larger
doses for obese patients may be more effective. The even more
effective pentasaccharide, fondaparinux, is a synthetic agent
introduced for VTE prophylaxis and treatment. Both LMWH
and fondaparinux pose an increased risk of bleeding complica-
tions with the administration of neuraxial (spinal and epidural)
analgesia.

Vena cava filter
There is a subgroup of patients whose risk of thromboem-
bolic complications is high but their treatment with any anti-
coagulants may increase their risk of bleeding. These patients
have either failed previous anticoagulation therapy or have
an increased risk of hemorrhage with chemical prophylaxis.
One particular subgroup of patients is the trauma population
with sustained closed head injury, pelvic fracture, solid organ
injury, or spinal cord injury. These patients benefit from a
vena cava filter placement early in their hospital course. Other
patient subgroups at high risk of VTEs include surgical oncol-
ogy patients, patients who have a history of hypercoagula-
ble state (Factor V Leiden, lupus anticoagulant, and protein C
and S deficiency), and bariatric patients. There is a growing
trend in the use of removable preoperative vena cava filters in
bariatric patients as a way of reducing morbidity and mortality
from PE.

Thrombolytic therapy
Thrombolytic therapy is pursued as a treatment for DVT with
the goal of maintaining vein patency and avoiding postthrom-
botic syndromes. These agents are serine proteases, and they
work by converting plasminogen to plasmin, a natural fibri-
nolytic agent. Plasmin breaks down the fibrinogen and fibrin
in the clot. Alteplase, the first recombinant tissue-type plas-
minogen activator (tPA), is identical to native tPA. Reteplase is
a faster-acting second-generation tPA. Because reteplase does
not bind fibrin as tightly as native tPA, the drug diffuses more
freely through the thrombus. Reteplase also has a faster plasma
clearance and shorter half-life (approximately 11–19 min) than
does alteplase. Reteplase undergoes renal (and some hepatic)
clearance. Both urokinase, a fibrinolytic agent recently reintro-
duced to the market, and prourokinase, a clot-specific fibri-
nolytic agent, are also available.

In 2007, the Cochrane Review published results from
randomized studies of 668 patients with DVT treated with
anticoagulation or thrombolytic therapy. Patients receiving
thrombolysis had significantly more bleeding complications
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([RR] = 1.73). There was, however, a reduction in postthrom-
botic syndrome (RR = 0.66) and a complete clot lysis in the
thrombolytic group (RR= 0.24).There was no significant effect
on mortality.

Long-term treatment
It is important that patients diagnosed with DVT in the ICU
have appropriate long-term care. Often the appropriate treat-
ment plans during the hospital course depend on accurate ICU
documentation. Guidelines for the treatment of DVT include a
short-term course of LMWHor unfractionated heparin therapy
plus long-term oral warfarin sodium therapy. LMWH has been
shown to be as effective as intravenous unfractionated heparin
in the treatment of DVT. The following are recommendations
of the American College of Chest Physicians on the treatment
of DVT:

1. Patients diagnosed with DVT and who have identifiable
risk factors should receive 3 months of anticoagulation
therapy.

2. Patients who have an initial episode with an idiopathic
cause should receive 6 months of anticoagulation.

3. Patients with symptomatic isolated calf vein thrombosis
should receive 6 to 12 weeks of anticoagulation therapy.

4. Patients with recurrent idiopathic venous thromboembolic
disease should receive 12 months of anticoagulation
therapy.

Accurate documentation of long-term goals and treatment
plans before patients leave the ICU setting is a form of quality
care.

Pulmonary embolism
Pathophysiology
The circulatory failure secondary to PE is caused by mechan-
ical obstruction of the pulmonary outflow tract. The result-
ing hypoxemia induces hypoxic vasoconstriction that further
reduces the cross-sectional area of the pulmonary vascular bed.
This vasoconstriction leads to an increase in both pulmonary
artery pressure and right ventricular afterload and, ultimately,
to right ventricular strain, increased right ventricular wall ten-
sion, and oxygen consumption. Depression of right ventricu-
lar function reduces cardiac output and blood pressure despite
increased right ventricular end diastolic pressure. Left ventric-
ular filling may also be impeded by an overdistended right
ventricle.

Diagnosis
TheProspective Investigation of Pulmonary EmbolismDiagno-
sis II (PIOPED II) showed that the high-resolution multidetec-
tor computed tomographic angiography (MDCTA) has sensi-
tivity and specificity comparable to that of contrast pulmonary
angiography.The study was performed with a 4-row, 8-row, and

Figure 164.1. CT angiography showing large proximal pulmonary
embolism (arrow) in the right pulmonary artery.

16-row multidetector CT. The acquisition time was usually less
than 30 seconds. The diagnostic criteria for PE was intralumi-
nal filling defect (Fig. 164.1). The sensitivity of CTA for PE was
83%, and the specificity was 96%. The positive predictive value
was 86%, and the negative predictive value was 95%. The posi-
tive predictive values for PE were 97% for main or lobar vessel,
68% for segmental vessels, and 25% for subsegmental vessels.
The complications from CTA were dye allergy (�1%), urticaria
(�1%), and extravasation of contrastmaterial (�1%). Although
pulmonary angiography is the gold standard diagnostic modal-
ity for PE, it is being replaced by MDCTA, because the latter
modality is significantly less invasive, is easier to perform, and
offers equal sensitivity and specificity.

Now that CTA has become an accepted diagnostic tool,
appropriate hydration and renal protection strategies are
important to avoid contrast nephropathy. ICU patients receive
large dye loads during diagnostic workup in their first 48 hours
in the hospital. They may also be exposed to other pharma-
cologic agents that are nephrotoxic. The intensivist should be
aware of the total contrast load that patients are receiving and
provide themaximum intervention for the protection of kidney
function for these patients.

D-dimer measures fibrin breakdown products. This labo-
ratory test is highly sensitive (�95%) for the presence of acute
venous thrombosis or PE. Because patients in the ICU have
many different illnesses, a nonspecific test like D-dimer will
often be positive. The utility of this test is in the negative result,
which is used to exclude the presence of venous thrombosis or
PE.
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Prevention and treatment
Vena cava interruption
The idea of placing a barrier in the inferior vena cava (IVC)
to prevent PE from a venous thrombus was first introduced
by Trousseau in 1868. In 1998, a multicenter group in France
conducted the first published, randomized, prospective study
of IVC filters in the prevention of PE.They studied 400 patients
with known proximal DVT and randomized patients into an
IVC filter or no filter group. Additionally, these same patients
were randomized to receive LMWH or unfractionated heparin.
Theprimary outcome eventwas radiographic PEwithin the first
12 days after randomization and during the 2-year follow-up
period. Although they found a statistically significant decrease
in the incidence of PE in patients with IVC filter at 12 days, this
was not true in the long term. After 2 years, the incidence of
symptomatic PE in the filter group was 3.4%. This study sug-
gested that early use of an IVC filter is an effective barrier to
PE, yet, over the long term, this protection becomes less effec-
tive. After 8 years, although the cumulative incidence of PE was
significantly reduced (6% vs. 15%, P = 0.008), there was an
increased incidence of DVT in the filter group (35% vs. 27%,
P = 0.042). Studies have also been done to determine whether
IVC filters can prevent PE in critically ill trauma patients with
known DVTs. In a retrospective review of 200 patients, Carlin
and colleagues examined the rate of PE in patients with DVTs,
patients with PE, and patients with both DVT and PE. None of
the patients with DVT developed a PE. Arguments can bemade
against the prophylactic use of IVC filters in both trauma and
ICU patients. Long-term IVC filters have been associated with
risk of thrombosis and postphlebitic venous insufficiency.

Retrievable filters
With the technical advances in the Greenfield IVC filter and
percutaneous deployment devices, filters have become easier
and safer to place (Fig. 164.2). The newer designs have allowed

Figure 164.2. Conical shape of a retrievable IVC filter.

retrieval of the filters, which decrease the known complica-
tions of caval thrombosis and postphlebitic venous insuffi-
ciency. Studies have demonstrated a 51% filter removal rate
with no complications. These patients had no proximal throm-
bus, had a normal venogram prior to filter retrieval, and
were anticoagulated with heparin or warfarin. Early retrieval
is preferred to decrease the known complications of indwelling
filters. These long-term complications include filter migration,
occlusion, perforation, IVC thrombosis, and postthrombotic
syndrome.

IVC filter placement is now being done in the interven-
tional radiology suite or under ultrasound guidance at the
patient’s bedside. The safety of IVC filter placement at the bed-
side using duplex ultrasound in critically ill trauma patients has
been proven to be feasible. In one study in 2003, 94 patients
with multiple traumas whose injuries precluded them from
anticoagulation had temporary IVC filters placed in the ICU.
Ninety-six percent had insertions without complications. Com-
plications included hematomas (2%) and filter misplacement
(3%). Other reported insertion-related complications include
de novo thrombosis (26%) and arteriovenous fistula (�3%).
Similar studies in critically ill populations have confirmed the
safety of bedside ultrasound-guided insertion of an IVC filter.

Anticoagulation
When a PE is diagnosed, treatment modalities are designed to
prevent propagation, worsening obstruction, right ventricular
failure, or a second embolism. With PE, the obstruction causes
dilation of the right ventricle and displacement of the interven-
tricular septum. As the strain and oxygen demands increase,
the ventricle becomes ischemic due to poor oxygen supply.
Ischemia eventually leads to cardiac arrest. This fatal progres-
sion can be stopped by complete removal of the obstruction to
allow normalization of right heart pressures.

Heparin is the first-line of therapy for PE. The effectiveness
of heparin is in its prevention of thrombus progression and
reduction of embolization. This intervention reduces the mor-
tality rate associated with PE from 30% to 10%. Early antico-
agulation is important. Hospital-based heparin protocols were
implemented to reduce the number of patients receiving sub-
therapeutic doses of heparin. In one clinical trial, patients were
given either intravenous heparin followed by warfarin or intra-
venous heparin and simultaneous warfarin. Only 1% to 2%
of patients were subtherapeutic for more than 24 hours with
respect to the activated partial thromboplastin time (aPTT)
level in both groups. When comparing weight-based heparin
dosing versus standard-care nomogram, a higher percentage
of patients using the weight-based heparin dosing achieved
therapeutic range in 24 hours. The weight-based group was
dosed with 80 U/kg as a bolus and then 18 U/kg/h infu-
sion. The standard-care nomogram group received a 5000-U
bolus followed by 1000 U/h infusion. Eighty-nine percent of
weight-based patients achieved the therapeutic range for aPTT
(1.5–2.3) versus 75% of standard-care nomogram patients in
24 hours. The risk of recurrent thromboembolism was more
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frequent in the standard-care group. Subtherapeutic heparin
in the initial 24 hours is associated with a higher incidence of
recurrences.

In the same study comparing intravenous heparin followed
bywarfarin versus intravenous heparin andwarfarin given con-
currently, 69 of 99 (69%) patients had supertherapeutic val-
ues (aPTT = 2.5) that persisted for 24 hours. These patients
belonged to the group receiving heparin and warfarin together.
Despite this more intensive therapy and supertherapeutic val-
ues, bleeding complications occurred at similar frequencies in
both groups (9.1% combined therapy vs. 12% heparin alone).

Thrombolysis
Thrombolysis is the established treatment for patients with
hemodynamic instability following PE because of its ability
to lyse the obstructing emboli and improve right ventricu-
lar function. There is, however, an ongoing controversy in the
use of thrombolytics in patients with hemodynamically sta-
ble PE. In 2002, a multicenter, prospective, double-blind, ran-
domized study in Germany studied the effectiveness of heparin
and a thrombolytic agent, alteplase, in patients with hemo-
dynamically stable PE. They found that thrombolysis with
anticoagulation therapy reduced the need for escalation of
therapy (increased heparin dose) and lowered the risk of death
threefold.

Embolectomy
Both thrombolytic therapy and catheter-directed fibrinolysis
can be used to treat PE. Many critically ill patients are not eli-
gible for thrombolysis, however, because of the risk for bleed-
ing. Suction pulmonary embolectomy is increasingly used to
treat PE as it is still less invasive than is an open embolectomy.
Although the American College of Chest Physicians recom-
mended against the use of mechanical methods of thrombec-
tomy, many authors agree on the following three criteria for
performing catheter thrombectomy in acute PE:
1. Hemodynamic instability, defined as a systolic pressure

≤90 mmHg, a drop in systolic pressure ≥40 mmHg for
≥15 minutes, or ongoing administration of vasopressors
for the treatment of hypotension;

2. Subtotal or total filling defect in the left and/or right main
pulmonary artery; and

3. The presence of one of the following contraindications to
thrombolysis: history of intracranial bleeding, head injury,
neurosurgery, ischemic stroke, or brain tumor; surgery or
organ biopsy; active bleeding, cancer with hemorrhagic
risk, gastrointestinal bleeding or major trauma within

15 days; pregnancy or recent delivery; platelet �50,000
cells/�l, international normalized ratio (INR) �2.0.
The goal of embolectomy is to reverse right heart fail-

ure. Surgical pulmonary embolectomy is the last resort after
less invasive methods have failed or the patient progresses to
hemodynamic instability or arrest.The overall survivability and
outcomes of embolectomy are better when earlier approaches
are chosen. Surgical embolectomy should be considered only
when an experienced cardiothoracic team is immediately
available.

The overall mortality of pulmonary embolus is between 6%
and 8% and increases to as high as 30% when complicated by
hypotension. Of those patients with fatal PE, 67% die within 1
hour of onset of symptoms. Early definitive treatment for those
patients who are hemodynamically unstable is essential.
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165 Traumatic brain injury
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Traumatic brain injury (TBI) remains a significant global health
care problem and, in the United States, affects 2% of the pop-
ulation per year. Despite significant advances in our under-
standing of the pathophysiology of TBI, mortality remains high
at 20%, with significant long-term neurologic deficits in 35%
of survivors. A joint task force of the Brain Trauma Founda-
tion and the American Association of Neurological Surgeons
(AANS) has developed evidence-based guidelines in an attempt
to address systematically the care of these patients. The results
of such collaborative efforts have focused management on both
the primary injury – the initial traumatic insult—and secondary
injuries, the pathophysiologic events subsequent to the primary
insult.

Our goal is to help practicing anesthesiologists understand
the pathophysiology of TBI to allow them to develop periop-
erative management strategies most consistent with available
evidence and current guidelines. TBI is often a key element of
multitrauma. Hence, anesthesiologists are often asked to pro-
vide care for these patients while surgeons tend to their associ-
ated injuries.

In this chapter, we review current concepts in TBI. First, we
address the diagnosis and assessment of TBI. Second, we focus
on the pathophysiology and management paradigms of both
primary and secondary brain injury.

Assessment of traumatic brain injury
Glasgow Coma Score
Developed in 1974 by Jennett and Teasdale, the Glasgow Coma
Score (GCS; see Table 163.1) is the most widely used scale for
determining the severity of TBI. Included in the scale are the
patient’s eye opening, verbal response, and motor response.
Although theGCS has beenwidely criticized bymany clinicians
as being excessively simplistic, it remains the primary assess-
ment tool in this population. In fact, its simplicity allows accu-
rate communication regarding initial impressions of a patient
between observers with different levels of expertise.

The GCS helps to classify injuries according to their clin-
ical severity. Two broad categories include minor head injury
(GCS 9–15) and severe head injury (GCS 3–8). A simple guide
to the management of minor head injuries is highlighted in
Fig. 165.1.

Minor head injuries can be further divided into minimal,
mild, and moderate head injury. Patients who are neurologi-
cally intact, have suffered no amnesia or loss of consciousness,
and have a GCS of 15 are categorized as having minimal head
injury. These patients generally do not require brain CT scan-
ning except in select cases (Fig. 165.1 for CT indications) and
are discharged home with instructions to return should signs
or symptoms of brain injury develop. Patients with a GCS of
14 are categorized as having mild brain injury and may expe-
rience a brief (�5 minutes) loss of consciousness or mem-
ory impairment. Our institution routinely obtains CT scans on
these patients. In one of the largest retrospective studies of mild
head-injured patients, 16% of patients with a GCS of 14 exhib-
ited abnormal CT scans. A GCS score of 9 to 13 indicates mod-
erate injury. Such patients are able to follow commands at the
time of examination but have had longer periods of loss of
consciousness (�5 minutes) and have abnormal findings on
neurologic examination.This group of patients requires careful
monitoring becausemore than 30% of patients in this subgroup
demonstrate abnormal CT scans. Therefore, patients should
have emergent CT scans with prompt neurosurgical consulta-
tion if findings are abnormal on examination (Fig. 165.1). GCS
scores from 3 to 8 indicate severe TBI with worse outcomes.
Within this group, nearly 80% of patients with an initial hos-
pital GCS of 3 to 5 eventually die, have severe disability, or are
vegetative.

Primary and secondary traumatic brain injury
Significant morbidity and mortality are caused not only by the
original insult but also by ensuing pathophysiologic processes
evolving over a period of hours to days. This has led to the dis-
tinction between primary and secondary brain injury.

Table 165.1. Types of primary brain injury

Focal Diffuse

Hematoma Concussion
Epidural Multifocal contusion
Subdural DAI
Intraparenchymal

Contusion
Concussion
Lacerations
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CT scan indicated if:

· GCS < 15

· GCS of 15 if following are present:
          – Headache
          – Vomiting
          – Age > 60
          – Drugs or alcohol
          – Seizures
          – Trauma above clavicles
          – Complicating medical
             problems

· Focal deficits

· Clinical skull fracture

· Anyone who returns after discharge

Minimal

Discharge with Closed
head injury (CHI)
Instructions.

Admit and obtain
urgent CT. Obtain
neurosurgery consult
if lesion is seen.

Mild Moderate

CT scan. If normal,
discharge with CHI
instructions.
Neurosurgery consult if 
abnormal.

Minor Closed Head
Injury

Figure 165.1. Minor head injury management.

Primary brain injury
Primary brain injury can be broadly divided into focal and dif-
fuse injuries (Table 165.1). Focal injuries are related to a nar-
row force vector delivered to a delimited intracranial region.
This type of an injury tends to produce intracranial hemor-
rhages, including epidural and subdural hematomas, or cere-
bral contusions and intracerebral hematomas. Diffuse injuries
are more often related to wide force vectors and high acceler-
ation or deceleration injuries as seen with motor vehicle acci-
dents. Diffuse injuries range from concussion to diffuse axonal
injury (DAI) with widespread long tract signs and posttrau-
matic coma.

The first critical step in the management of TBI is to deter-
mine the nature and severity of the primary injury by using the
clinical examination and radiographic evaluation. It is during
this assessment of the primary injury that the decision for emer-
gent surgical intervention is made. After the primary injury is
considered and addressed, the patient moves into the phase of
secondary injury prevention. The general management of TBI
can thus be considered in two phases: identification and man-
agement of primary brain injury followed by the prevention of
secondary brain injury.

Hemorrhages
Acute blood can be readily identified on noncontrast CT of
the head, an important component in the initial evaluation
of a patient with TBI, as mentioned earlier in the text. The
main types of traumatic brain hemorrhage requiring surgery
are epidural, subdural, and intracerebral.

Acute epidural hematomas are managed, when surgically
appropriate, by craniotomy due to the gelatinous consistency of
an acute blood clot, which is difficult to remove without com-
plete bony exposure of the area of bleeding. Expectant manage-
ment can be an option if mass effect is minimal and the patient’s
neurologic status is normal, especially in the pediatric popula-
tion. However, the disadvantage of conservative management
is that the patient must be monitored carefully in the intensive
care unit (ICU) for several days.

Accumulation of blood in the subdural space can occur in
an acute or chronic manner. The acute subdural hematoma
can be surgically treated by craniotomy or craniectomy. In a

subset of individuals with no neurologic compromise and a
stable, limited amount of blood, the subdural collection can
be allowed to liquefy over a few weeks and then drained by
burr-hole evacuation. In fact, many patients present with a liq-
uefied, subacute or chronic subdural hematoma, often due to
(1) persistent oozing or (2) the accumulation of multiple, small
subdural bleeds. The advantage of the burr-hole is the low sur-
gical risk, as some cases may even be performed under local
anesthesia.The acute-on-chronic subdural hematoma, often the
consequence of systemic anticoagulation, can have a signifi-
cant and sudden acute component on top of an otherwise indo-
lent and inconsequential chronic accumulation. The important
first step in the management of these patients is to stop ongo-
ing bleeding by discontinuing anticoagulation and correcting
any coagulopathy. Correcting the coagulopathy will become the
responsibility of anesthesiologists managing the trauma patient
intraoperatively if a decision to perform an emergent operation
is made.

Intraparenchymal hemorrhages occur commonly following
brain trauma, and most are treated nonoperatively. Often these
hemorrhages present as contusions on the surfaces of the infe-
rior frontal lobe and the anterior temporal lobe adjacent to the
greater sphenoid wing, sites where the brain strikes bony mar-
gins. They may increase dramatically in size over the first few
days, creating significant mass lesions where only small lesions
were present initially. Therefore, small contusions seen on ini-
tial CT scans should be followed closely for the first 3 days.
This problem can bemuchmore dramatic in elderly patients on
traditional anticoagulation or antiplatelet agents or in patients
with a coagulopathy.A recent randomized, controlled trial (Sur-
gical Trial in Intracerebral Haemorrhage [STICH]) suggests
that early craniotomy for traumatic intraparenchymal hem-
orrhages is no better than medical management. Opinion is
still divided, however, regarding craniotomy or craniectomy for
intraparenchymal hemorrhages associatedwith refractory, high
intracranial pressure (ICP), especially later in the course of the
hemorrhage.

Secondary brain injury
Surgery typically is performed in response to the primary
brain injury. Secondary brain injury, however, refers to
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regional cellular processes that take place over hours to days
after the initial brain injury. Secondary brain injury results
not only from the delayed effects of primary brain injury but
also from contributing factors, such as hypotension, hypoxia,
intracranial hypertension, and inadequate cerebral perfusion
pressure (CPP). Untreated, severe secondary injury ultimately
leads to intracranial hypertension and cerebral ischemia, which
can significantly compound the effects of the initial injury. Crit-
ical care physicians and anesthesiologists play key roles in the
prevention of secondary brain injuries as they are most often
responsible for managing these patients in this period.

Seizure prophylaxis
TBI clearly increases the risk of seizures, which have been tra-
ditionally divided into early (within 1 week) and late posttrau-
matic seizures. Seizure control is critical in TBI patients, given
the effects of epileptiform activity on brain metabolism and the
potential systemic complications of seizure, which may exac-
erbate secondary injury. Temkin and colleagues demonstrated
that phenytoin treatment for 7 days in patients with intracra-
nial blood or depressed skull fractures decreased the incidence
of early but not late posttraumatic seizures. More recently,
levetiracetam, with its favorable side-effect profile, has been
employed as prophylaxis against early posttraumatic seizures.
Although early seizure control following TBI appears equiva-
lent between phenytoin and levetiracetam, it is important to
note that TBI patients on levetiracetam have a higher tendency
to exhibit an abnormal electroencephalogram (EEG). Beyond
the early posttraumatic period, a TBI patient with seizures is
treated as would be any patient with new-onset seizures.

Intracranial hypertension
Pathophysiology
Intracranial hypertension is a common complication of severe
head injury, and its management is essential to the control
of secondary injury. Nearly half of head-injured patients with
intracranial mass lesions have persistently elevated ICP. ICP is
determined by the contents of the intracranial vault, the phys-
iology of which was codified by the Monro–Kellie doctrine.
An uncompensated increase in one or more compartments in
that vault results in ICP above the normal range (5–15 mm
Hg). In the absence of a mass, increased ICP in severe TBI
can result from aberrations in cerebrospinal fluid (CSF) flow,
cerebral blood volume, and the development of vasogenic and
cytotoxic edema. When endogenous mechanisms for volume
buffering are exhausted, ICP increases in an exponential fash-
ion. The steep nature of the volume–pressure curve compli-
cates ICP management because an increase in ICP signifies a
sudden and significant reduction in intracranial compliance
(Fig. 165.2). Sustained ICP readings of greater than 20 mm Hg
are abnormal. ICP greater than 40 mm Hg represents severe
preterminal intracranial hypertension.

ICP

Intracranial reserve exhausted

Compensated state

Volume

Imminent
herniation

Figure 165.2. ICP–volume relationships.

The two main consequences of elevated ICP are brain her-
niation and compromised cerebral perfusion (CPP = mean
arterial pressure [MAP] – ICP). The three principal forms of
herniation are uncal, central diencephalic, and tonsillar her-
niation. Uncal herniation is produced by medial displacement
of the temporal lobe by middle fossa lesions with subsequent
midbrain compression, leading to a clinical syndrome involving
coma, ipsilateral fixed and dilated pupil, and, commonly, con-
tralateral hemiparesis. Uncal herniation can progress to include
brainstem hemorrhages and posterior cerebral artery com-
pression with consequent infarction in this territory. Central
diencephalic herniation results from generalized bilateral
intracranial hypertensionwith caudal displacement of the dien-
cephalon through the tentorial incisura, deformation of the
brainstem, and progressive decrease in consciousness. In tonsil-
lar herniation, a posterior fossa mass, such as a cerebellar hem-
orrhage, exerts pressure in the confined space of the posterior
fossa, leading to brainstem compression and coma. Cushing’s
triad of bradycardia, hypertension, and respiratory irregularity
may indicate imminent brainstem herniation.

Cerebral perfusion
The management of ischemia focuses on maintaining an ade-
quate CPP and avoiding systemic hypotension, hypoxia, and
anemia to ensure adequate cerebral blood flow (CBF). Nor-
mally, CBF is relatively constant in a range of CPP between 40
and 160 mm Hg due to autoregulation. At low perfusion pres-
sures within this range, the arteriolar bed dilates to decrease
cerebral vascular resistance (CVR) and increase blood flow to
normal levels. Below the autoregulatory threshold, arterioles
passively collapse and CBF falls. Above the autoregulatory lim-
its, vessels are maximally constricted and CBF increases.

Pressure autoregulation is impaired inmanypatients follow-
ing TBI, and even when it is intact, the parameters at which
it is operative may be shifted. Most notably, the lower limit of
autoregulation may increase from CPPs around 40 to 50 mm
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CPP

VasodilatationICP

CBV

Figure 165.3. CPP–ICP
relationship with preserved
autoregulation.

Hg, meaning that perfusion pressures that are normally ade-
quate may cause ischemia in these patients. The clinician must
assume that, in patients with severe TBI, CBF is directly pro-
portional to CPP, and therefore CPPmust be closely monitored
and maintained. Prospective studies have demonstrated that
mean mortality is reduced by 50% when CPPs are maintained
above 70mmHg in patients with severe TBI.The Brain Trauma
Foundation supports maintaining CPP of 50 mm to 70mmHg,
whereas other centers, such as ours, advocate a CPP above 70
mmHg.

Besides the fact that increased ICP can decrease CPP, it is
also true that decreases in CPP can increase ICP, leading to
a deleterious positive feedback loop. As CPP decreases, pial
arterioles dilate to accommodate larger blood volumes (dia-
grammed in Rosner’s vasodilatory cascade; see Fig. 165.3).
Increased blood volume can increase ICP. Restoration of CPP
can therefore lead to pial arteriolar constriction and decreased
ICP.

Systemic hypotension and hypoxia can also contribute
to secondary injury by compromising cerebral oxygenation.
Miller and others showed a 150% increased risk of mortality
in patients with severe TBI who had at least one episode of
hypotension as defined by systolic blood pressure � 90 mmHg
when compared with patients without hypotension. Similarly,
Stochetti and colleagues showed that severe TBI patients with
hypoxic episodes prior to intubation had a 77% mortality rate.
Therefore, it is advisable to avoid periods of hypotension and
hypoxemia should TBI patients require anesthesia for surgery.

Anemia may also decrease tissue oxygenation, and thus the
hematocrit deserves particular attention in the head-injured
patient. Kee has suggested that brain tissue oxygen delivery
begins to decrease below a hematocrit of 33%, but most cen-
ters transfuse packed red blood cells below hematocrits of 30%.
These recommendations are similar to those used in acute
coronary syndromes and differ with recent reports outside of
these two populations where lower hematocrits are felt to be
acceptable.

Monitoring
The indications for placing an ICPmonitor in patients with TBI
are based on the identification of groups at risk for developing
intracranial hypertension or for whom a neurologic examina-
tion cannot be followed, such as pharmacologically paralyzed

patients or patients under general anesthesia. Patients at high-
est risk are those with GCS ≤ 8 and an abnormal CT scan. All
patients with GCS ≤ 8 should have an ICP-monitoring device
placed unless there is a coexisting coagulopathy. We also con-
sider ICP monitoring in TBI patients with a GCS � 8 who are
undergoing anesthesia for extensive extracranial surgery.

Management of increased intracranial
pressure
The goals of intracranial hypertension management are the
maintenance of adequate CPP and the avoidance of brain her-
niation. Elevated ICP is an independent predictor of poor neu-
rologic outcome in patients with severe head injury. The Brain
Trauma Foundation supports initiating treatment at ICP read-
ings of 20 to 25 mm Hg with preservation of adequate CBF. A
caveat to dogmatic adherence to these values is that herniation
may occur at ICP readings below 20 mm Hg, particularly in
patients with temporal lesions. Also, a therapeutic CPP target
may be reached with ICP readings as high as 25 mm Hg. At
our institution, we initiate treatment for ICP readings greater
than 25mmHg, unless CPP is compromised at lower pressures.
We use a stepwise approach, from conservative to more inva-
sive, beginning with head elevation to optimize cerebral venous
outflow, followed by pharmacotherapy and CSF drainage
(Fig. 165.4).

Specific maneuvers to decrease ICP
Conservative measures: positioning, CO2,
and sedation
We advocate elevating the head of the bed to 30◦ and maintain-
ing a neutral head position tomaximize venous return from the
brain and thereby reduce CBV. Additionally, if a cervical collar
is present, we confirm that the collar is not so tight as to impede
jugular venous flow. This needs to be carefully and repeatedly
verified both in the ICU and in the operating room as these

Elevate head of bed to 30°; head in neutral position;
avoid cervical venous compression

Maintain normocapnia (PCO2 goal 35-40 mm Hg)

Adequate sedation/analgesia (eg, Propofol, Morphine, Fentanyl, Versed)

CSF drainage by ventriculostomy

Osmotherapy (Mannitol, Hypertonic Saline)

Neuromuscular paralysis (eg, Atracurium, Vecuronium)

High-dose barbiturate therapy
Decompressive hemicraniectomy

If refractory, consider:

Figure 165.4. Stepwise protocol for ICP management.
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patients may require prolonged procedures and passive posi-
tioning.

Changes in arterial carbon dioxide (CO2) are known to
affect CBF and vascular caliber. While pressure autoregulation
may be dysfunctional in severe TBI, CO2 reactivity is preserved.
Hypoventilation raises PaCO2 and ICP by increasing vascu-
lar caliber and CBF, whereas PaCO2 levels below 35 mm Hg
may lower ICP but compromise CBF. The ideal PaCO2 level in
head-injured patients is thus normocapnia. In emergency situa-
tions, such as with acute neurologic deterioration and impend-
ing herniation, acute hyperventilation can be considered but
should be maintained only until other treatments are expedi-
tiously initiated. The only circumstance in which mild chronic
hyperventilation may be considered as a therapy is when cere-
bral hyperemia (more prevalent in the pediatric population) is
shown by either jugular bulb venous saturation (SjVO2) or CBF
measurements.

Sedation and analgesia may help to blunt the sympathetic
stimulation activated by pain or agitation, endotracheal irri-
tation, or routine nursing care and help to decrease ICP. The
short-acting sedative propofol is being used with increasing
frequency because its short half-life permits frequent neuro-
logic examinations and because it appears to have superior
effects on ICP reduction compared to narcotics. Propofol is a
potent vasodilator, however, and careful attention must be paid
to MAP and CPP during its administration. Also, propofol is
contraindicated in the pediatric population due to the possibil-
ity of propofol syndrome, characterized by metabolic acidosis,
cardiac conduction abnormalities, and rhabdomyolysis. Severe
intracranial hypertension may require pharmacologic paralysis
by neuromuscular blockade for maximummuscle relaxation.

CSF drainage by ventriculostomy
CSF drainage via an external ventricular drain (EVD) or
ventriculostomy is an effective method of ICP reduction in
head-injured patients. After placement, the EVD is leveled or
“zeroed” to the tragus. With a ventriculostomy in place, we
drain CSF to its maximal capacity for increased ICP control
prior to starting osmotherapy. We, therefore, recommend the
use of a ventricular catheter, whenever possible, prior to the use
of osmotherapy andparalysis, and certainly before the initiation
of barbiturate coma.When an intraparenchymal monitor with-
out drainage capability is already in place, however, osmother-
apy may be instituted before CSF drainage.

Osmotherapy
The osmotic diuretic mannitol is a mainstay in the arma-
mentarium of ICP management. Mannitol was commonly
thought to reduce ICP by reducing intracranial water con-
tent but is now recognized to also expand plasma volume and
decrease viscosity. Experiments have demonstrated that man-
nitol increases CBF and decreases ICP by autoregulatory vaso-
constriction. Furosemide, which can inhibit the production of

CSF, may potentiate the effects of mannitol. When using man-
nitol, intravascular volume, serum osmolarity, sodium, blood
urea nitrogen (BUN), and creatininemust be vigilantly watched
for possible adverse effects.When the serumosmolarity is above
320 Osm, mannitol may precipitate acute renal failure, espe-
cially in patients with already compromised kidney function.
With prolonged use, mannitol can also disrupt the blood–brain
barrier and may pass into the brain parenchyma, causing a
rebound effect with subsequent increases in ICP.

Hypertonic saline may be used as an adjunct or alternative
to mannitol. Hypertonic saline has the advantage of a lower
risk of rebound intracranial hypertension and renal failure. At
hyperosmolar concentrations, sodium chloride creates a gradi-
ent, which drives water from interstitial and intracellular com-
partments into the intravascular space, reducing brain water
and thus ICP. More recent work has suggested that hypertonic
saline also exerts anti-inflammatory effects. Qureshi’s group
has reported that 23.4% saline in doses of 30 to 60 ml over
20 minutes can markedly reduce ICP when standard treat-
ments fail. Hartl and colleagues demonstrated that 7.5% hyper-
tonic saline was particularly effective in ICP reduction and CPP
elevation in patients with severe TBI when ICPs were refrac-
tory to other measures. Hypernatremia is commonly observed
but resolves as renal free water clearance is reduced. Possi-
ble adverse consequences include central pontine myelinolysis,
seizures, as well as congestive heart failure from fluid shifts and
coagulopathy.

Intracranial hypertension refractory
to standard treatment
The measures just mentioned are routinely used to manage
intracranial hypertension.When ICP begins to increase despite
maximal treatment, however, other measures, such as decom-
pressive craniectomy or barbiturate-induced burst suppression,
can be considered. We use these measures in select situations
only, after careful consideration and discussion with family
members regarding the advantages and disadvantages of each.

Barbiturates
Barbiturates potentiate the effects of � -aminobutyric acid
(GABA) at GABA receptors, which inhibit neuronal transmis-
sion and thereby reduce the cerebral metabolic rate of oxygen
consumption (CMRO2). Barbiturates may also decrease ICP by
limiting free radical–mediated lipid peroxidation and resultant
cerebral edema.The routine use of barbiturates in the treatment
of high ICP is not indicated, especially because outcomes have
not been shown to improve with this therapy. Although barbi-
turates have been shown to decrease ICP, there are important
side effects of this therapy. The most clinically significant side
effects of barbiturate administration are hypotension and global
oligemic hypoxia, followed by hypokalemia, respiratory depres-
sion, hepatic dysfunction, and renal dysfunction. For these rea-
sons, this treatment should always be used in conjunctionwith a
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Swan–Ganz catheter. Plasma and CSF pentobarbital levels cor-
relate poorly with physiologic effects; therefore, pentobarbital
dosing is best followed by EEG monitoring with titration to
achieve burst suppression. Barbiturates, because of their neuro-
protective effects, are the first choice for the induction of general
anesthesia for TBI patients.

Decompressive hemicraniectomy
In decompressive hemicraniectomy, the bone is removed and
the dura is opened to increase the size of the intracranial vault.
In a trial consisting of 27 pediatric patients, Taylor and col-
leagues demonstrated a reduction in risk ratio of 0.54 for death
in the acute period as well as for death, vegetative state, and
severe disability 6 to 12 months after the event in patients who
underwent bitemporal decompressive craniectomy for high
ICP. Evidence from the ischemic stroke field also has shown that
decompressive craniectomy, especially when performed early,
can greatly decrease mortality. Future class I studies in TBI
patients are eagerly awaited.

Anesthetic considerations
Analgesia and sedation
Patients with persistent ICP elevation should receive little or no
premedication to avoid hypercapnia and hypoxemia. Sedation
without control of the airway should be avoided. The agitated
patient may require general anesthesia.

Positioning
Please see subsection on conservativemeasures. In patientswho
are hypovolemic, elevation of the head may be associated with
a decrease in blood pressure; therefore, blood pressure must be
maintained so that CPP is not compromised.

Monitoring
Intra-arterial blood pressure monitoring is helpful so that
hemodynamic changes may be monitored closely. Central
venous pressure or pulmonary artery pressure monitoring
may be necessary in patients with significant cardiac or pul-
monary comorbidities, but should not delay surgery. The posi-
tion of the pressure transducers will need to be adjusted
to the height of the patient’s right atrium to ensure reliable
measurements.

Blood pressure management
Hypotension (systolic � 90 mm Hg) at any point during treat-
ment has been identified as one of the primary factors that
worsen prognosis. Arterial hypotension attributed to hypo-
volemia should be rapidly corrected with fluid administra-
tion. Placement of two large-bore intravenous (IV) cannulae is
necessary.These patients should undergo aggressive fluid resus-
citation with isotonic fluids until euvolemia is achieved. Iso-
lated head trauma rarely leads to severe hypotension. Other

possible injuries, such as spinal cord trauma and blunt abdom-
inal and/or chest trauma, should be identified and treated.
Combined inotropes/vasopressors, such as dopamine or nor-
epinephrine, may be required to sustain arterial pressure in
hypotension persisting despite fluid administration, although
these agents should be used with caution, as their vasoconstric-
tion effects potentially may impair local CBF despite improving
CPP. Norepinephrine may be the vasopressor of choice in these
situations.

Induction
All patients with TBI should be regarded as having a full stom-
ach and should have a rapid-sequence induction with cricoid
pressure. Intubation without anesthetics may cause coughing
and bucking and increase ICP, hence IV anesthetic agents and
muscle relaxants must be used to secure the airway. Thiopental
at 3 to 5 mg/kg IV or propofol at 1 to 2 mg/kg IV is the drug
of choice, along with a short-acting neuromuscular agent. Bar-
biturates and propofol are effective in lowering ICP by decreas-
ing CBF. Hypotension is a potential side effect of both of these
agents and can compromise CPP. The use of succinylcholine in
intracranial hypertension is controversial. Animal and human
studies have shown an increase in ICP presumably due to fas-
ciculations. This effect can be avoided by using a defasciculat-
ing dose of a nondepolarizing drug prior to succinylcholine.
Securing the airway promptly with succinylcholine avoids the
deleterious effects of hypoxia and hypercarbia and a subsequent
increase in ICP. If the airway assessment reveals that intubation
may be easy, then rocuronium at 0.6 to 1.2 mg/kg may be used.

Fentanyl, at 3 to 5 µg/kg IV, is administered to blunt the
hemodynamic response to laryngoscopy and intubation. Lido-
caine, at 1.5 mg/kg IV given 90 seconds before laryngoscopy,
can help to prevent the increase in ICP. If a difficult intuba-
tion is anticipated, awake fiberoptic intubation, which produces
substantial, but transient, increases in ICP, may be necessary,
but should be used with caution. Sedation, analgesia, paralysis,
and topical tracheal anesthesia do not completely prevent this
increase. Blind nasal intubation is contraindicated in patients
with a basilar skull fracture, which is suggested in patients with
CSF otorrhea, rhinorrhea, hemotympanum, periorbital ecchy-
mosis (raccoon eyes), or ecchymosis behind the ear (Battle’s
sign).

Sedation, analgesia, and neuromuscular blockade
It is important to maintain neuromuscular blockade during
surgery. Care should be taken when suctioning the endo-
tracheal tube because it can increase ICP in the nonrelaxed
patient. Coughing and bucking may increase ICP by increasing
intrathoracic pressure and obstructing cerebral venous outflow.
Agitation and pain may significantly increase blood pressure
and ICP.Hence postoperatively adequate sedation and analgesia
is an important adjunct treatment. Hypovolemia predisposes
to hypotensive side effects and should be treated promptly.
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Selection of shorter-acting agents allows for a brief interruption
of sedation to examine the neurologic status.

Hyperventilation and PEEP
Hypoxemia is associated with increased morbidity and mor-
tality. Oxygen administration should be generous to maintain
an oxygen saturation of hemoglobin (SpO2) � 90% or PaO2 �
60 mm Hg. The use of prophylactic hyperventilation ther-
apy (PaCO2 ≤ 20–25 mm Hg) during the first 24 hours after
severe TBI should be avoided because it can compromise cere-
bral perfusion during a time when CBF is reduced. High tidal
volumes and high respiratory rates are independent predic-
tors of acute lung injury or acute respiratory distress syn-
drome. Neurogenic pulmonary edema can also contribute to
hypoxemia. Alternative ventilator strategies should be consid-
ered to protect the lung and maintain tight PaCO2 control.
In patients with severe brain injury and acute lung injury,
the use of positive end-expiratory pressure (PEEP) is limited
by conflicting results on its effect on ICP. With higher levels
of PEEP (10–12 cm H2O), there is a slight increase in ICP
in patients with normal ICP. For PEEP to increase cerebral
venous pressure to levels that would increase ICP, the cerebral
venous pressure must at least equal the ICP.The higher the ICP,
the higher the PEEP must be to have such a hydraulic effect
on ICP.

Management of brain oxygenation
Therapy following severe TBI is directed toward preventing sec-
ondary brain injury. Delivery of oxygen (O2) to the brain is a
function of the oxygen content and CBF. Hypoxemia, usually a
PaO2 below 50 mm Hg or 60 mm Hg, is associated with cere-
bral vasodilation. The optimal PaO2 in a brain-injured patient
is currently unestablished. Brain tissue monitoring allows one
to provide minimal fraction of inspired oxygen (FiO2) to avoid
lung toxicity from hyperoxia that permits the optimal (not too
high, not too low) brain tissue oxygen level. Low brain tissue
oxygen (PbtO2), less than 15 mm Hg, has been associated with
increased mortality.

Glucose management
Glucose is essential to cerebral metabolism, and hypoglycemia
should be avoided because, under anaerobic conditions in
poorly perfused ischemic areas, lactate levelsmay increase, con-
tributing to worsening of neuronal damage. Hyperglycemia has
been associated with longer length of stay and increased mor-
tality rate. Euglycemia should be maintained.

Temperature management
Hypothermia is associated with better neurologic outcomes.
There is evidence of improved neurologic outcome after
induced hypothermia to 33◦C for 12 to 24 hours in out-
of-hospital cardiac arrests. Preliminary studies suggest that
decreased mortality may be seen when target temperatures are

maintained for more than 48 hours. Clifton and colleagues,
however, were unable to show a beneficial effect of induction
of hypothermia after TBI.

Fluid management
Please see the earlier sections on hyperosmolar agents and
blood pressure management. Hypo-osmolar solutions, such as
5% dextrose in water, reduce serum sodium and increase brain
water and ICP. Colloid solutions exert little influence on either
variable. Fluid restriction minimally affects cerebral edema
and, if pursued to excess, may result in episodes of hypoten-
sion, which may increase ICP and worsen neurologic outcome.
Although there is no single best fluid for patients with TBI, iso-
tonic crystalloids are widely used.

Systemic sequelae
Fluid therapy used to support CPP may cause visceral edema,
increasing intra-abdominal pressure, which increases ICP. Ven-
tilatorymaneuvers used to treat respiratory failuremay increase
intrathoracic pressure, limiting venous return and thereby
increasing ICP and decreasing CPP. In severely injured patients
with head trauma, treatment decisions may create a cycle that
increases pressure in various body compartments.

Antiseizure prophylaxis
Seizures can occur in 15% to 20% of patients after TBI and can
increase cerebral metabolic rate and ICP. In patients with severe
TBI, 50% of seizures can be subclinical and can be detected
only by continuous EEG monitoring. Posttraumatic seizures
can occur early (within 7 days) or late (after 7 days) following
injury. Anticonvulsants are indicated to decrease the incidence
of early seizures. Routine seizure prophylaxis later than 7 days
is not recommended.

Postoperative management
If the patient is not responsive to analgesia and sedation alone
after surgery, neuromuscular blockade should be considered.
The prophylactic use of neuromuscular blockers in patients
with intracranial hypertension has not been shown to improve
outcome, may be associated with increased risk of pneumonia
and sepsis, and may obscure seizure activity.

Conclusion
To conclude, the principal goals of severe TBI management
are addressing the primary injury and then limiting secondary
brain injury. The avoidance of intracranial hypertension is
essential for the latter as it prevents brain herniation and cere-
bral ischemia. An ICP-based approach to patients with severe
TBI includes stepwise measures as shown in Fig. 165.4. Just
as important is a CPP-based approach, in which maintenance
of a particular CPP (rather than a particular ICP) guides
management.
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Recognition of Mass Lesions
Prompt detection

Evacuation

ICP Management
Head Positioning

Normocapnia
Sedation/analgesia

Neuromuscular blockade
CSF drainage
Osmotherapy
Barbiturates

Decompressive Craniectomy

Cerebral Perfusion
CPP management

Adequate Oxygenation
Avoidance of Hypotension/Hypoxia

Figure 165.5. Cornerstone of severe TBI management.

An integrated management paradigm that monitors and
controls both ICP and CPP is thus strongly recommended.The
cornerstones of such a strategy include (1) rapid identifica-
tion and management of intra- or extradural mass lesions, (2)
ICP monitoring and management, and (3) CPP maintenance
for avoidance of cerebral ischemia (Fig. 165.5). Finally, meticu-
lous systemic medical management of these patients, including
appropriate seizure prophylaxis, is a requirement for successful
outcomes.

Suggested readings
Brain Trauma Foundation, American Association of Neurological

Surgeons, Joint Section on Neurotrauma and Critical Care.
Guidelines for the management of severe head injury. J
Neurotrauma 2007; 24:S1–S106.

Brain Trauma Foundation, American Association of Neurological
Surgeons, Joint Section on Neurotrauma and Critical Care.
Trauma systems. J Neurotrauma 2000; 17:457–462.

Chesnut RM, Marshall LF, Klauber MR, et al. The role of secondary
brain injury in determining outcome from severe head injury. J
Trauma 1993; 34:216–222.

Ingebrigtsen T, Rise IR, Wester K, et al. [Scandinavian guidelines for
management of minimal, mild and moderate head injuries].
Tidsskr Nor Laegeforen 2000; 120:1985–1990.

Juul N, Morris GF, Marshall SB, et al. Intracranial hypertension and
cerebral perfusion pressure: influence on neurological
deterioration and outcome in severe head injury. The Executive
Committee of the International Selfotel Trial. J Neurosurg 2000;
92:1–6.

Marshall LF, Smith RW, Shapiro HM.The outcome with aggressive
treatment in severe head injuries. Part I: the significance of
intracranial pressure monitoring. J Neurosurg 1979; 50:
20–25.

Mayer SA, Brun NC, Broderick J, et al. Safety and feasibility of
recombinant factor VIIa for acute intracerebral hemorrhage.
Stroke 2005; 36:74–79.

Muizelaar JP, Lutz HA 3rd, Becker DP. Effect of mannitol on ICP and
CBF and correlation with pressure autoregulation in severely
head-injured patients. J Neurosurg 1984; 61:700–706.

Narayan RK, Greenberg RP, Miller JD, et al. Improved confidence
of outcome prediction in severe head injury. A comparative
analysis of the clinical examination, multimodality evoked
potentials, CT scanning, and intracranial pressure. J Neurosurg
1981; 54:751–762.

Plum F, Posner J. Diagnosis of Stupor and Coma. 3rd ed. New York:
Oxford University Press; 1982.

Rosner MJ. Introduction to cerebral perfusion pressure management.
Neurosurg Clin N Am 1995; 6:761–773.

Servadei F, Ciucci G, Piazza G, et al. A prospective clinical and
epidemiological study of head injuries in northern Italy: the
commune of Ravenna. Neurosurg Rev 1989; 12(Suppl 1):
429–435.

Stein SC, Ross SE. Moderate head injury: a guide to initial
management. J Neurosurg 1992; 77:562–564.

Suarez JI, Qureshi AI, Bhardwaj A, et al. Treatment of refractory
intracranial hypertension with 23.4% saline. Crit Care Med 1998;
26:1118–1122.

Teasdale G, Jennett B. Assessment of coma and impaired
consciousness. A practical scale. Lancet 1974; 2:81–84.

1023



Chapter
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Epidemiology
Of the estimated 500,000 patients treated for burns every year
in the United States, approximately 40,000 are admitted into the
hospital. Of these patients,more than half are sent to specialized
regional burn centers. Survival and quality of life for patients
with severe thermal injury have significantly improved over the
last few decades due to advances in critical care and surgical
technique. Today, except for themost severe cases, burn victims
are expected to survive their initial injuries. Recent estimates
from theAmericanBurnAssociation show a 94.4% survival rate
for all patients admitted to burn centers. As more patients sur-
vive, therapy for postburn deformity has increasingly become
a major clinical problem. Consequently, more operative cases
are now devoted to addressing reconstructive problems. Avail-
able data suggest that, by resuscitating patients through post-
burn shock and managing burn sepsis, patients can survive
their burns and maintain a satisfying quality of life.

Pathophysiology
Severe burn injury causes extensive physiologic changes (Table
166.1). Changes begin when significant tissue trauma leads
to widespread release of both local and systemic inflamma-
tory mediators. Inflammatory mediators, including histamine,
free O2 radicals, and prostaglandins, cause burn shock through
generalized capillary leak, intravascular volume depletion, and
myocardial dysfunction. Although evaporative and direct fluid
loss from the site of burn injury play a role, it is the extensive
systemic capillary leak and protein loss that lead to edema for-
mation and intravascular depletion. This fluid and protein loss
occurs both locally at the burn site and at more distant, non-
burned tissues. The end result is burn shock that requires large
volume resuscitation for stabilization and prevention of tissue
ischemia.

To complicate matters further, other mediators, including
epinephrine, norepinephrine, vasopressin, angiotensin II, and
serotonin, cause an increase in systemic and pulmonary vas-
cular resistance. The vasoconstriction increases afterload and
contributes to the decreased cardiac output. This vasoconstric-
tion results in decreased flow to vascular beds that are already
underperfused. Tissue ischemia and secondary organ injury
can result without early, aggressive fluid resuscitation. After
burn shock is successfully treated and capillary integrity is

restored, a hypermetabolic response develops with associated
fever, tachycardia, and severe fat and muscle wasting. In the
hypermetabolic phase of burn injury, resting metabolic rates
can double and remain elevated for up to 9 to 12 months post-
injury.

Classification of burns
Classification of burns is important because the extent of injury
correlates with the severity of pathophysiologic changes and the

Table 166.1. Systemic effects of burn injury

System Pathophysiologic changes and complications

Respiratory Airway edema
Reduced pulmonary and chest wall compliance
Bronchospasm
Pneumonia, pulmonary edema, and ARDS

Cardiovascular Hypovolemia
Myocardial dysfunction and decreased cardiac output

(early)
Increased cardiac output and hypertension (late)

Renal Decreased renal blood flow (early)
Increased renal blood flow (late)
Myoglobinemia

Metabolic Increased metabolic rate
Impaired thermoregulation
Protein catabolism
Electrolyte imbalances (from resuscitation and topical

antibiotics)

Gastrointestinal Curling ulcers
Ileus and delayed gastric emptying
Impaired intestinal barrier

Hematologic Hemoconcentration (initially)
Chronic anemia (later)
Thrombocytopenia (dilutional and consumptive)
Coagulopathy and disseminated intravascular

coagulopathy (in severe cases)

Infectious Postburn sepsis

Neurologic Encephalopathy
Acute and chronic pain
Cyanide and carbon monoxide poisoning

Skin Increased fluid and heat loss
Need for escharotomy in severe cases
Contracture and scar formation

Pharmacologic Altered pharmacokinetics and pharmacodynamics
Increased tolerance to sedatives and opioids
Altered response to muscle relaxants
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Figure 166.1. The rule of nines for estimating TBSA. Note: Not accurate for
all age groups.

need for resuscitation. It also helps to predict how the injurywill
progress and whether surgical interventionmay be needed.The
extent of burn injury is assessed in relation to total body surface
area (TBSA) involvedwith either the rule of nines (Fig. 166.1) or
Lund and Browder burn diagrams. Although the rule of nines
provides useful initial estimates of TBSA in the acute setting for
adults, it underestimates the TBSA for children. More accurate
characterizations should be obtained through the use of com-
prehensive and age-specific burn diagrams once the patient is
stabilized.

It is also important to assess the depth of burns (Table
166.2). The classical description of burn injury in terms of
first, second, and third degree has given way to a new system
that is more descriptive of burn depth. The new characteri-
zations (superficial, superficial partial-thickness, deep partial-
thickness, and full thickness burns) help to determine the need
for inpatient admission and surgical intervention. It often takes
2 to 3weeks, however, to determinewhether thewoundwill heal
primarily or be severe enough to require surgical intervention.

Table 166.2. Classification of burn depth

Depth Level of injury Clinical features

Superficial Epidermis Dry, red
Blanches
Painful

Superficial
partial-thickness

Papillary dermis Blisters
Moist, red, weeping
Blanches
Painful
Return to full function

Deep
partial-thickness

Reticular dermis Blisters
Wet or waxy dry
Does not blanch
Absent pain sensation
Possible need for surgical

excision and grafting

Full thickness Subcutaneous fat,
fascia, muscle,
or bone

Waxy white to leathery
Dry and inelastic
Does not blanch
Absent pain sensation
Surgical excision and grafting

as early as possible

Modified from Bittner EA, Grecu L, Martyn JAJ. Evaluation of the burn
patient. In: Longnecker DE, et al., eds. Anesthesiology. New York: McGraw-Hill
Professional; 2008.

Management
Initial evaluation
Treating patients with burn injuries requires a complex, mul-
tidisciplinary approach. As with any other trauma admission,
the patient with acute burn injury should bemanaged to ensure
adequate airway, breathing, and circulation. After the airway
and hemodynamics are stabilized, a secondary survey is done to
look for associated nonthermal injuries, and a comprehensive
history and physical examination are performed. The cervical
spine should be evaluated for potential injury in the appropri-
ate clinical setting. A Foley catheter, nasogastric tube, and ade-
quate intravenous (IV) access for resuscitation are all needed for
major thermal injury.

Patients with electrical injury require immediate hospital
admission, often to a specialized burn center. Electrical burns
can have massive amounts of tissue destruction that often can-
not be predicted by the burn size alone. Although the events
that lead to injury can be either obvious or subtle, high-voltage
burns cause injury one of three ways: (1) thermal burns to skin,
(2) destruction of muscle and nerves, and (3) arrhythmias and
cardiac arrest. Extensive deep tissue damage can also cause
myoglobinuria and compartment syndromes. Standard resusci-
tation endpointsmust bemonitored closely because fluid resus-
citation formulae are often inaccurate when hidden, deeper
injuries exist.

Airway and respiratory issues
Patients should immediately be assessed for inhalation injury
and any evidence of airway compromise. Inhalation injury is a
major source of mortality in burn patients. Signs of hoarseness,
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brassy cough, or stridor indicate laryngeal edema and consti-
tute an emergency. Because edema formation occurs in non-
burned tissues after major thermal injury, respiratory failure
can develop even in the absence of inhalation injury.

The respiratory status often deteriorates in the setting of
massive fluid resuscitation. In these cases, it is generally safer
to intubate the patient early than risk a difficult intubation later
when airway swelling has occurred. With burn injuries of the
face or neck, direct laryngoscopy may be difficult or impossi-
ble and a surgical airway may be needed. The difficult airway
should ideally bemanaged in the operating roomwith resources
for obtaining a direct surgical airway readily available.

Severe injury complicated by deep, circumferential chest
wall wounds can significantly reduce pulmonary and chest wall
compliance, causing high airway pressures and significant ven-
tilatory difficulties. Escharotomy should improve ventilation in
this situation. Indirect respiratory injury resulting from pul-
monary edema, pneumonia, or acute respiratory distress syn-
drome (ARDS) may develop in the days following the initial
burn injury. Many patients are now managed with a low-tidal-
volume ventilation of 6 ml/kg. This low-tidal-volume ventila-
tion strategy is thought to help reduce alveolar distention and
barotrauma. Permissive hypercapnia is used if not contraindi-
cated by pulmonary hypertension, hemodynamic instability, or
intracranial hypertension.

Cardiovascular issues
Hemodynamics in burn injury are initially characterized by
a reduction in cardiac output and an increase in systemic
and pulmonary vascular resistance. Approximately 3 to 5 days
after major burn injury, a hypermetabolic response develops
with associated fevers, increased cardiac output, and increased
energy expenditure. Severe fat and muscle wasting results.

Althoughmultiple fluid resuscitation formulae exist for esti-
mating fluid needs, no single formula has proved to be supe-
rior in improving outcomes. The Parkland formula is perhaps
the most known and remains a gold standard in guiding fluid
resuscitation requirements for burn victims. The formula calls
for 4 ml/kg/%TBSA of lactated Ringer’s in the first 24 hours,
with one half of this amount administered over the first 8 hours.
As a general rule, burns of �15% TBSA are not associated with
extensive capillary leak and can be managed with fluid of 1.5
times the maintenance rate. Resuscitation formulae should be
used only as guidelines. Actual fluid administration should be
individualized for each patient and titrated to physiologic end-
points (Table 166.3).

If the total fluid requirement exceeds 6 ml/kg/%TBSA/24
hours, it may be advisable to obtain more information regard-
ing intravascular volume and cardiac function thru measure-
ment of central venous and cardiac filling pressures. After 24
to 48 hours, capillary integrity is restored in nonburned areas
and fluid requirements dramatically decrease. It is important to
decrease fluid administration at this time because overresusci-
tation can be associated with substantial morbidity.

Table 166.3. Burn resuscitation endpoints

Arousable and comfortable
Warm extremities
Systolic blood pressure: for infants, 60 mm Hg; for older children, 70–90 + 2

× age (y); for adults, mean arterial pressure > 65 or within 20% of
baseline

HR 80–150 bpm (age dependent)
Urine output 0.5 ml/kg/h
Lactate levels < 2 mmol/L

Although the benefits of resuscitation are obvious, the type
of fluid used in resuscitation of burn victims has always been
controversial. Theoretically, resuscitation with colloid should
improve outcomes by preserving plasma oncotic pressure and
replacing intravascular volumes with less tissue and pulmonary
edema. Clinical studies have not shown improved outcomes,
however. Given their significant extra cost but no improvement
in survival, many clinicians question the continual use of col-
loids, especially for burns of � 40% TBSA. If they are used,
many advocate waiting until capillary integrity is restored.

Renal issues
Inadequate resuscitation after major thermal injury compli-
cated by hypotension and myoglobinemia contributes to the
development of early acute renal failure (ARF). A urine output
of at least 0.5 ml/kg/h is one indicator of the adequacy of resus-
citation. Late ARF is associated more with multisystem organ
failure, sepsis, and the effects of nephrotoxic drugs. The devel-
opment of ARF is associated with increased mortality in burn
patients.

Gastrointestinal and nutritional issues
Patients with severe burns often develop a paralytic ileus and
require nasogastric decompression. Gastroduodenal ulceration
(Curling ulcers), likely due to reduced splanchnic blood flow,
is a risk after severe burn injury. Ulcer prophylaxis with H2-
receptor antagonists or proton pump inhibitors should be initi-
ated early.

The presence of circumferential abdominal burns and accu-
mulation of intraperitoneal fluid and/or bowel edema from
large volume resuscitation can lead to abdominal compart-
ment syndrome (ACS). Signs of ACS include diminished urine
output, decreased pulmonary compliance, and hemodynamic
instability. Bladder pressures can be obtained to make the diag-
nosis. Surgical decompression may be necessary in some cases.

Severe burn injury results in a hypermetabolic response
with profound wasting of lean body mass that can last for
more than a year after injury. Strategies used to minimize this
catabolic response include early wound excision and grafting,
early institution of feeding, prompt treatment of sepsis, and
maintenance of high environmental temperature. Nutritional
support can partially abate the hypermetabolic response to
burns and helpmaintainmuscle mass. Enteral feeding is prefer-
able to parenteral feeding because it maintains gastrointestinal
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(GI) motility and reduces bacterial translocation and sepsis.
Parenteral nutrition is reserved for patients with intolerance
for enteral feeding or prolonged ileus. Some evidence suggests
that β-blockade may attenuate this hypermetabolic response
and associated muscle wasting. Propranolol has been shown to
decrease heart rate (HR) and resting energy expenditures aswell
as reverse muscle–protein catabolism.

Neurologic and pain issues
Mental status changes can develop in the setting of hypoxia,
hypotension, or the inhalation of neurotoxic chemicals. Ther-
apies for anxiety and pain cause sedation and complicate efforts
to diagnose the etiology of acute neurologic changes. Signs of
central nervous system dysfunction include delirium, halluci-
nations, personality changes, seizures, and coma. Radiologic
imaging should be obtained if intracranial injury is suspected.

Pain management in the burned patient provides many
challenges. Nearly every therapy for burn injury is associated
with pain. Surgery, dressing changes, physical therapy, and
transport exacerbate baseline pain and anxiety levels. Standard-
ized pain and anxiety guidelines are used in many burn cen-
ters to provide appropriate and consistent patient comfort. IV
morphine and versed are commonly usedmedications for intu-
bated patients or for those who are NPO. Ketamine has also
proved to be a useful adjunct because of its effects as an analgesic
acting via the N-methyl-d-aspartate (NMDA) receptor. Transi-
tion to oral medications when possible helps to provide more
constant therapeutic levels. Burn patients develop tolerance to
most opioids and sedatives, so they require higher doses than
do patients without thermal injury. Continuous administration
of analgesics by themselves can result in opioid-induced hyper-
algesia, which will accentuate the need for higher opioid levels.

Infection issues
Infection is a leading cause of morbidity and mortality in burn
patients. Sepsis in burn injury can be difficult to diagnose
because, even in the absence of sepsis, patients are already
hypermetabolic and have hyperdynamic physiology. Preven-
tion, early diagnosis, and treatment of infection is essential. Pro-
phylactic antibiotics have no proven role in burn care and are
not routinely given. Topical antimicrobials, however, provide
high concentrations of drug at the wound surface, reduce the
levels of wound flora, and delay the interval between injury and
colonization. Tetanus toxoid should be given to burn patients
because all burn injuries have potentially contaminated soft-
tissue wounds. Maintaining sterile technique both in the oper-
ating room and during transport through the use of a mask and
sterile gloves and dressings is essential to preventing infection.

Surgical considerations
Blood loss during burn wound excision can be deceptively large
with published estimates ranging from 3.5% to 5% of the blood
volume for every 1% TBSA excised. It is not difficult for the sur-
gical team to remove eschar so rapidly that the patient becomes

hypovolemic and unstable. Limiting the operative duration and
extent of excision can prevent such problems. Techniques to
minimize blood loss include intraoperative tourniquets for limb
surgery, injection of dilute epinephrine, and brisk operative
pace.

Altered pharmacokinetics and pharmacodynamics
The altered physiologic state in burn injury and changes in
concentrations of plasmaproteins cause changes to the pharma-
cokinetic and pharmacodynamic response to drugs. Hypoten-
sion and low cardiac output decrease hepatic and renal blood
flow and function. Standard dosing of drugs should be adjusted
accordingly.

Anesthetic considerations
Preoperative evaluation and transport
Given the enormous physiologic changes seen in burn injury,
careful planning is essential for safe intraoperative care
(Table 166.4). As with any surgical procedure, the preopera-
tive evaluation should consist of gathering information about
the patient’s history and performing a thorough physical exam-
ination. Reviewing details of the patient’s burn injury – with
special attention to the time since injury, extent of injury, ade-
quacy of resuscitation, and presence of an inhalational compo-
nent – provides insight into expected physiologic changes and
possible anesthetic difficulties. Previous anesthetics, especially
those already completed in the postburn period, can provide
information on difficulties in airway management, ventilation,
hemodynamic stability, or pain control. Coexisting diseases,
associated injuries, current medications, and allergies must be
reviewed. Standard laboratory tests include electrolytes, blood
urea nitrogen (BUN), creatinine, hematocrit, coagulation sta-
tus, and a blood bank sample. Blood products should be avail-
able in the operating room for larger cases where blood loss is
expected.

The airway is assessed for the possibility of difficult intu-
bation. Facial wounds often create difficulties for mask venti-
lation. Likewise, edema formation and scarring can complicate
intubating conditions by decreasing neck mobility and mouth
opening.There is always a risk for endotracheal tube (ETT) dis-
lodgement during patient transport or intraoperative position-
ing. Tape alone is usually insufficient to secure the ETT if facial
burns are present. Common practices are to either tie the ETT
securely around the neck or use wire to secure the tube to a
tooth.

The neurologic examination should be focused on base-
line mental status and adequacy of anxiety and pain control.
The baseline pain and sedation regimen should be known to
help guide the need for premedication and intraoperative pain
control. Assessment of cardiovascular status should focus on
hemodynamic function in response to stage of burn injury
(early hypodynamic vs. later hyperdynamic), adequacy of resus-
citation, and vasopressor dependence. Given the risk for large
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Table 166.4. Perioperative concerns specific to burn patients

Preoperative
Initial evaluation History and physical examination, including:

Extent of burn injury (TBSA, depth, and location)
Mechanism of injury, elapsed time from injury, adequacy of resuscitation
Associated injuries
Presence of inhalation injury
Presence of organ dysfunction
Presence of infection
Coexisting diseases
Surgical plan

Airway Assess for airway patency and possibility of difficult intubation.
Neurologic Assess baseline mental status and pain control.
Cardiovascular Assess adequacy of resuscitation.

Consider hemodynamic response to injury (hypo- vs. hyperdynamic).
Pulmonary Assess for evidence of inhalation injury.

Adequacy of oxygenation and ventilation
Significant ventilatory support may require ICU ventilator.

Renal Assess for renal failure and electrolyte imbalances.
Gastrointestinal Assess NPO status (limit NPO time given increased metabolic requirements).
Laboratory data CBC, electrolytes, and coagulation studies

Blood bank sample and availability of blood products
Transport issues Ensure the ETT is well secured.

Check all equipment prior to departure.
Ambu bag, O2 cylinder, monitors, infusion pumps
Equipment and medications for reintubation and resuscitation
Maintain patient comfort and sedation.

Intraoperative
Monitoring Standard ASA monitors; invasive monitoring as dictated by patient’s condition and operative procedure
Airway Anticipate potential difficulty.

If injuries do not preclude standard airway management (mask fit, mouth opening, neck extension), direct laryngoscopy and
intubation can be performed.

Gastric emptying may be delayed in burn patients.
IV access Anticipate difficulty locating vessels; ultrasound guidance can be helpful. Central venous access is usually necessary in patients

with large burn injuries.
Securing adequate vascular access before the surgical procedure begins is necessary because blood loss can be rapid and
substantial.

Temperature Massive heat loss can occur through the open wounds.
Keep ambient temperature elevated.
Use warming blankets, radiant warmers, and blood and fluid warmers.

Hemodynamics Response varies with extent of burn, elapsed time from injury, and adequacy of resuscitation.
Early (days 1–3): reduction in CO, increased SVR and PVR; later (>3 days): hyperdynamic state with increased CO

Ventilator management Provide adequate oxygenation and ventilation without inducing further morbidity from oxygen toxicity, hemodynamic
compromise, barotrauma, or alveolar overdistension.

Anesthetics Many anesthetic agents have been used successfully.
Choice of agent should be based on the patient’s hemodynamic and pulmonary status and potential difficulty in securing the
patient’s airway.

Muscle relaxants Succinylcholine can result in an exaggerated hyperkalemic response and should be avoided in patients 24 hours after burn injury.
Dose of nondepolarizing muscle relaxant necessary to achieve paralysis in burn patients can be substantially elevated.

Pain management Anticipate tolerance to sedatives and opioids.
Continue baseline pain regimen; multimodal adjuncts (e.g., ketamine) are likely to be useful.

Postoperative Assess potential for extubation at end of case.
Call to the burn unit in adequate time for them to warm the room and obtain necessary supplies and equipment (e.g., infusions,
ventilator).

Ongoing fluid resuscitation and transfusion of blood products is expected after extensive excision and grafting.
Presence of newly excised tissue and harvested donor sites can be painful and require higher doses of analgesics and sedatives.
Determine new pain requirements.
Maintain normothermia.

CBC, complete blood count; PVR, pulmonary vascular resistance; SVR, systemic vascular resistance.

volume blood loss during surgery and significant fluid shifts, in
nonurgent cases it is prudent to postpone surgery until hemo-
dynamic stability is achieved. Pulmonary assessment includes
evaluation of oxygenation and ventilation, causes of impaired
gas exchange, andmechanical ventilatory requirements. Signif-
icant pulmonary injury and poor compliance result in auto-

PEEP (positive end-expiratory pressure) and breath stacking.
Ventilatory requirements may exceed 20 L/min in adults dur-
ing the hypermetabolic state. The high ventilatory needs com-
bined with high peak inspiratory pressures and PEEP often
cannot be sustained on traditional operating room ventilators.
An ICU ventilator should be made available in these cases.
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Theneed for aggressive intraoperative resuscitation necessi-
tates adequate IV access. The presence of burn injury, together
with tissue edema and hypovolemia, often makes this a chal-
lenge. Central lines are not routinely used unless there is a need
for administration of vasoactive medications or in severe cases
where invasive monitoring is needed. For example, large burns
complicated by coexisting heart disease may benefit from the
monitoring of central venous pressures, pulmonary artery pres-
sures, or mixed venous oxygen saturation. Because central lines
increase the risk for infection and are associated with complica-
tions during placement, they should be used only when needed.
Most patients with burn injury can safely bemanaged with only
large-bore peripheral IV catheters and invasive arterial pressure
monitoring.

Managing the patient during transport is often more com-
plicated. All equipment (including a functioning ambu bag,
a full oxygen cylinder, charged batteries for monitors and
infusion pumps, and any equipment needed for reintubation)
should be checked prior to departure. Fluids and resuscitative
medications are also needed. Optimization of the patient’s res-
piratory and hemodynamic status is essential prior to transport.
The patient should remain comfortable and sedated to prevent
agitation, which can cause ventilator dyssynchrony, hemody-
namic changes, and dislodging of lines or tubes. Paralysis dur-
ing transport is rarely necessary and often undesirable if the
patient can breathe spontaneously.

Intraoperative management
Standard American Society of Anesthesiologists (ASA) mon-
itoring including electrocardiogram (ECG), blood pressure,
pulse oximetry, capnography, inspired oxygen concentration,
and temperature is required.The location of wounds and intra-
operative positioning often create difficulties asmonitors do not
adhere well to injured areas with topical ointments. ECG leads
can be secured with staples or placed under dependent portions
of the patient’s body. A Foley catheter is required to help assess
the adequacy of resuscitation.

Given the significant nutritional needs of some patients,
careful attention must be paid to scheduling surgeries and lim-
iting NPO status. In patients with suspected ileus and delayed
gastric emptying, a rapid-sequence intubation with cricoid
pressure is warranted.

It is important to remember that patients have marked
changes in their response to muscle relaxants. There is general
agreement that succinylcholine administration to patients �12
hours after injury is unsafe. Significant increases in extrajunc-
tional acetylcholine receptors develop in these cases, placing the
patient at risk for severe hyperkalemia and cardiac arrhythmias.
This response can exist more than a year after injury. Because
burn victims also develop significant resistance to nondepolar-
izingmuscle relaxants, rocuroniummay have a delayed onset of
action even when dosed at 1.2 mg/kg. Intraoperative monitor-
ing of neuromuscular function must be done frequently.

As stated earlier, tangential excision and grafting of burn
wounds leads to significant intraoperative blood loss. The

adequacy of resuscitation can usually be monitored by physi-
ologic endpoints (Table 166.3). Blood products should be read-
ily available for transfusion. Fluids should be warmed because
burn patients are prone to heat loss. Hypothermia increases
the risk for coagulopathies and arrhythmias, and shivering
increases metabolic demand and may compromise the via-
bility of newly placed grafts. Other measures to take include
increasing ambient temperatures, wrapping the head, and using
forced-air warming devices.

Many anesthetic agents have been used successfully in
patients with burn injury. Ketamine is frequently used for
intraoperative management because of its analgesic properties,
relative hemodynamic stability, and tendency to preserve venti-
latory efforts. It is a useful adjunct to the patient’s baseline pain
and sedation regimen, which often consists of morphine and
midazolam.

Postoperative care
The potential for extubation is assessed at the end of surgery.
Standard extubation criteria are used with significant attention
given to the presence of airway edema, hemodynamic stabil-
ity, need for ongoing resuscitation, and the presence of sep-
sis. Patients who received significant fluid resuscitation or who
were positioned prone for an extended amount of time may
benefit from remaining intubated until edema resolves. Chest
radiographs may be needed to confirm ETT placement.

As stated earlier, extreme care must be taken during trans-
port.The intensive care unit should have ample time to prepare
prior to accepting the patient. Vasoactive medications, blood
products, and a ventilator should be available if needed. Both
the operating room and the patient’s room should be warmed
to helpmaintain normothermia. Finally, changes in the patient’s
level of pain may develop after extensive excision and grafting.
The baseline pain regimen should be adjusted accordingly.

Key points to remember
� Burn injury results in pathophysiologic changes in most

organ systems. The perioperative care of burn patients
requires knowledge of these pathophysiologic changes
from the initial period of injury until wounds have
healed.

� Themagnitude of burn injury is classified according to the
TBSA involved, depth of the burn, and presence of
inhalation injury. The rule of nines or age-specific burn
diagrams are used to estimate the TBSA burned.

� The Parkland formula is perhaps the most widely used
resuscitation formula for burn injury. The formula calls for
4 ml/kg/%TBSA of lactated Ringer’s in the first 24 hours,
with one half of this amount administered over the first 8
hours. Actual fluid administration should be individualized
for each patient and titrated to physiologic endpoints.

� As with any other trauma admission, the patient with acute
burn injury should be managed to ensure adequate airway,
breathing, and circulation. After the airway and
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hemodynamics are stabilized, a secondary survey is done
to look for associated nonthermal injuries.

� Severe burn injury results in a hypermetabolic response
with profound wasting of lean body mass. Strategies used
to minimize this catabolic response include early wound
excision and grafting, early aggressive nutritional support,
prompt treatment of sepsis, and maintenance of high
environmental temperature.

� Pain management in the burned patient provides many
challenges. Surgery, dressing changes, physical therapy, and
transport exacerbate baseline pain and anxiety levels. Burn
patients develop tolerance to most opioids and sedatives,
so they require higher doses than do patients without
thermal injury.
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Chapter

167 Common ethical issues in the intensive care unit
Nicholas Sadovnikoff

Ethical issues, questions, and concerns are common in the
intensive care unit (ICU) setting and occur more frequently
than in the operative anesthesia setting. The reasons are read-
ily apparent, as patients cared for in the ICU are generally the
most ill in the hospital or have undergone the most high-risk
surgeries. Mortality in ICU patients varies depending on a hos-
pital’s size and the acuity of its population. Inmajor tertiary care
teaching hospital settings, ICUmortality may exceed 10%, with
a substantial toll in terms of morbidity and loss of function as
well. It is no wonder, then, that ethical concerns arise frequently
around such issues as decisional capacity, informed consent,
surrogate decision making, withdrawing and withholding life-
sustaining therapies, and futility. Given the imprecise nature
of medical prognostication, decisions must often be made in
the context of less than clear-cut parameters and consequences.
Compounding the difficulty of such decisionmaking is the pro-
found emotional stress associated with critical illness, on both
the caregivers and the decision makers. A rapid decline in a
patient’s medical condition or a failure to recover well after
a surgical intervention can be a sudden event for which lit-
tle planning or preparation has taken place on the part of the
patients or their proxy agents. Fortunately, there has been a
recent widespread recognition of the need for guidance and dis-
passionate appraisal in the context of ethical challenges, and this
recognition has resulted in a proliferation of ethics support ser-
vices. Most hospitals now have an ethics committee, an ethics
consultation service, or both; many ethics consultation services
are available on a full-time, 24-hour basis.Use of these resources
can provide substantial comfort and resolution to caregivers,
families, and patients alike.

General principles
Ethics can be distilled in many instances to the body of thought
or philosophy that addresses the question “What is the right
thing to do?” It is important, however, to recognize that the
answer to that question may vary greatly depending on the
frame of reference of the questioner or the responder. The pur-
suit of an absolute set of ethical rules that can be expected to
be shared across all cultural and religious contexts has proven
challenging, if not an outright failure. It is for this reason that
Englehardt is fond of pointing out that the word ethics is, in
fact, plural. Persons coming from different moral communities

may answer an ethical question differently. The fact of this eth-
ical diversity must be acknowledged a priori when considering
ethical questions, and all efforts should be made to understand
the ethical context of the individual asking the questionwithout
imposing the ethical context of the responder and vice versa.

In the context of moral and ethical diversity, we have, as a
society, nevertheless had to achieve enough of a consensus on
certain moral questions to write and enforce laws. Legal and
ethical questions frequently intersect, but should never be con-
fused for one another. Frequently, an ethics consultationmay be
accompanied by a consultation with the hospital’s legal depart-
ment, but it is important to clarify the difference between the
two. It is important as well to remember that legal statutes in
the medical domain often vary substantially from state to state,
reflecting the ethical stance of the prevailing communities in the
states’ legislatures.

In general, the secular ethical community in the United
States has embraced a set of four ethical principles popular-
ized by Beauchamp and Childress, often referred to as the four
principles, which are comprised of autonomy, beneficence, non-
maleficence, and justice.

Autonomy
The right of patients to dictate those medical interventions they
will accept and those that they will not is the predominant
theme in current ethical practice. This concept is in contradis-
tinction to paternalism, still practiced in many other countries
(including some Western societies), wherein physicians may
exercise decisions regarding treatments on the basis of the “best
interest of the patient.” In this line of thinking, physicians’ med-
ical knowledge and experience equip them the best to decide on
medical interventions.

The argument in favor of autonomy includes the codicil of
informed consent, which calls on physicians to use their medi-
cal knowledge and experience to fully inform the patient of the
potential benefits and risks of an intervention, but then allows
patients, in the context of their own predicament, goals, prefer-
ences, and culture, to have unimpeded control overwhat is done
to their bodies. As will be explored later in this chapter, patients
in the ICU are frequently unable to express their autonomous
sentiments. The decision making must then be transferred to a
substitute whose duty it is to attempt to advocate for what the
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patient would want done, given the circumstances, preserving
the patient’s autonomous wishes.

Beneficence
Beneficence refers to the obligation of physicians to do or pro-
mote the most possible good for patients. In instances in which
a therapy comports both benefit and harm, the benefit should
outweigh the harm. It is thus that it is easy to justify the pain of
a surgical incision in order to remove an infected appendix.The
concept of beneficence is extended to the obligation to remove
harm (e.g., treat pain) as well as to prevent harm (e.g., admin-
ister vaccines). Beneficence, which prioritizes the “best interest
of the patient,” can thus conflict with autonomy. In most cases,
the principle of autonomy prevails, as when Jehovah’sWitnesses
are allowed to refuse blood in situations in which this clearly is
not in their best interest. Exceptions occur when there is reason
to question the decisional capacity of the patient, such as when
suicidal individuals are involuntarily hospitalized for treatment
of clinical depression.

Nonmaleficence
Nonmaleficence is the companion concept to beneficence that is
summarized by the Latin aphorism primum non nocere (“above
all, do no harm”). This obligation not to do harm to patients
is obviously couched in the same context that the harm can-
not exceed the good, and that a certain amount of harm can be
acceptable if it is proportionally exceeded by benefit. Unfortu-
nately, quantitating and weighing benefit and harm are at times
difficult and sometimes even impossible tasks due to prognostic
imprecision. Furthermore, to respect autonomy, patients’ pref-
erencesmust be considered in this calculus. An acceptable harm
for one patient may be completely untenable for another (e.g.,
amputation of a gangrenous leg).

Justice
Justice refers primarily to distributive justice, in which the obli-
gation of the physician, or more widely the health care delivery
system, is to ensure that care is delivered fairly, equitably, and
appropriately to all individuals. This concept conflicts strongly
with the concept of beneficence, which promotes the greatest
possible good for the individual patient.This issue ismost effec-
tively addressed at the societal and governmental level, rather
than through rationing by individual physicians. Unfortunately,
despite the fact that health care expenditures constitute an ever-
increasing and progressively unaffordable portion of the United
States’ economic output, there has been, with only a few excep-
tions, little legislative appetite for limiting health care expen-
ditures. Even the recent legislation passed by the US Congress,
mandating certain reforms of the national healthcare delivery
system, is characterized by substantial dilution and compro-
mise, such that the net impact on the equitable distribution of
health care services is likely to be small.The fact that distributive
justice is given so low a national priority is difficult to defend by
ethical arguments.

Competence and decisional capacity
The terms competence and decisional capacity differ in terms of
their definition, but for the purpose of this chapter are inter-
changeable in that neither an incompetent patient nor a patient
lacking decisional capacity should dictate his or her own med-
ical decision making. These are conditions in which patients
are stripped of their autonomy as a consequence of cognitive
impairment that prevents them from fully understanding, con-
sidering, and processing information involved in consenting for
or refusing medical interventions.

As has previously been noted, a substantial proportion of
ICU patients are unable to participate in decisionmaking about
their medical treatment.The reasons for this are numerous, but
the main issues are now discussed.

Delirium
Delirium is defined as a disturbance of consciousness with inat-
tention accompanied by a change in cognition or perceptual
disturbance that develops over a short period of time (hours
to days) and fluctuates over time. Depending on how strin-
gently testing is done, delirium is present in as many as 50% to
80% of ICUpatients. Risk factors for delirium include advanced
age, severity of illness, and medications (in particular, benzodi-
azepines). Delirium is fairly readily diagnosed by simple test-
ing and, if present, impairs patients from having the capacity to
give informed consent or participate in their own health care
decisions.

Intubation
Patients who are intubated and receiving mechanical ven-
tilation cannot talk, which substantially impairs discussions
regarding medical choices. Although they may be awake and
able to write notes, this is a much less rich form of communi-
cation as it may not capture emotional content. Furthermore,
studies have found that at least 80% of mechanically ventilated
patients are delirious, and most are in fact receiving sedative
medications. Although there may be exceptions, in general it is
prudent to have a proxy decision maker participate in medical
decisions for intubated patients.

Dementia
Dementia is defined as the loss (usually progressive) of
cognitive and intellectual functions, without impairment of
perception or consciousness, caused by a variety of disorders,
including severe infections and toxins, but most commonly
associated with structural brain disease. It is a diagnosis that
needs to have been made before a patient becomes critically ill,
as it is a risk factor for, and commonly coexists with, delirium.
ICU patients with an established diagnosis of dementia should
not be asked to make decisions regarding their medical care.

Depression
Depression frequently coexists with and complicates both
chronic and critical illness. It may cause patients to have
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distorted interpretations of the value of medical therapies and
of the value of their ownwell-being. A formal psychiatric evalu-
ation should be performed if a patient seems to bemaking deci-
sions that appear not to bemade in the best self-interest and are
not based on cultural or religious beliefs. A clinical diagnosis of
depression may warrant the temporary designation of a proxy
decision maker while the depression is treated.

Assessment of competence to consent for treatment can be
challenging, and there are no formal guidelines from profes-
sional societies regarding this process.There are indeed degrees
of impairment that may affect competence, such that it may be
reasonable for a moderately impaired patient to give informed
consent for procedures where the stakes are low (anesthesia for
drainage of a superficial abscess) but not appropriate to give
consent for high-risk procedures (organ transplantation). Stan-
dardized tools, such as theMacArthur Competence Assessment
Tool for Treatment, have been developed that can be adminis-
tered expeditiously and have shown high inter-rater agreement.
Psychiatric evaluation can also be helpful when the question
of competency is unclear. Ethics consultations are frequently
useful in settings where there is uncertainty, particularly when
patients refuse potentially beneficial therapy.

Substituted judgment
When a patient does not possess decisional capacity, the goal
is to extend as accurately as possible that person’s autonomy
through a surrogate decisionmaker (SDM).Themandate of the
SDM is to advocate on behalf of the patient for what the SDM
believes that patient wanted when capable of autonomous deci-
sion making. SDMs may also have guidance from other docu-
mentation, such as living wills and advance directives.

Designated health care proxy agents
Ideally the SDM is someone who was designated by the patient
and who has had previous in-depth discussions with the patient
regarding wishes and goals for health care. Such a person is
called a designated health care agent, and there must be a proxy
document signed by both parties acknowledging this choice.
In the absence of a formal process having taken place to des-
ignate a health care agent, there may be a hierarchy of persons
to whom that role may fall by default. The exact priority varies
from state to state, and some states do not recognize a hierarchy
at all. Almost universally, the spouse is the first default, followed
by parents, children, siblings, more distant relatives, and close
friends. Often the role may be assumed by a less closely related
individual (e.g., nephew) who happens to know the patient the
best.

Living wills
These documents are generally broad statements completed by
patients in anticipation of the possibility of losing decisional
capacity. They often contain such conditional language as “if
there is no reasonable hope of recovery” or “if I ampermanently
dependent on machines to stay alive.” These phrases are vague

and subject to interpretation and the vagaries of prognostica-
tion.The instructions often include prohibition of “heroic mea-
sures” or other similarly poorly specified interventions. Thus,
living wills serve more as indications of the general spirit of the
patient’s wishes, rather than as detailed instructions for future
care.

Advance care directives
Advance care directives are more detailed documents com-
pleted by patients in advance of their possibly losing decisional
capacity. There is a widespread effort to encourage patients to
use advance directives, the purpose of which is to elucidate
more clearly than living wills their wishes for their future care.
They are useful in that they provide guidance both to physi-
cians and to SDMs.Their strength is that they do not depend on
hearsay and are not clouded by the personal bias that an SDM
may, whether intentionally or not, impose on the decision-
making process. Advance directives are, however, limited by the
specifics of their language, which may not apply to the specifics
of the predicaments patients ultimately come to face. That is,
the more specific are the instructions, the less they are likely to
apply to the actual clinical situation that ultimately affects the
patient.

The best practical solution is for patients to identify a health
care agent who is aware of the spirit (living will) and specifics
(advance directive) that characterize that individual’s goals for
care should decisional capacity be lost. Ideally, decisions are
made with advance directive or living will documents and the
health care agent present.

Synthetic judgment
There are instances in which critically ill patients have not com-
pleted any sort of advance directive or living will and have no
known living relatives or close friends who might act as SDM.
In these instances, exhaustive efforts should be pursued to learn
of the patient’s social and medical history, all attempts should
be made to identify any previously articulated wishes, the best
interests of the patient should be objectively assessed, and all
treatment options should be considered. A synthetic judgment
may then be formulated that takes into account all of the infor-
mation that has been gathered. In scenarios such as these, con-
sultation of the hospital ethics and legal resources is often of
substantial value to help achieve an objective assessment that is
free of bias or paternalism and is legally defensible. If consen-
sus as to a reasonable assessment of the patient’s wishes cannot
be achieved, it may be necessary to engage the legal system to
appoint a guardian.

Informed consent
When the issue of who shall consent for treatment decisions
is established, it is the ethical duty of a physician to acquaint
the patient or proxy with information regarding the risks and
benefits of the proposed treatment, so that the autonomy of
the patient can be respected in accepting or declining. The
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exact nature of the information in terms of detail, volume, and
exhaustiveness may vary depending on the needs and prefer-
ences of the patient or SDM. Clearly, describing every possible
outcome of a proposed treatment would be burdensome and
potentially frightening to patients, but some important subset
of all possible outcomes should be presented to the patient or
SDM. Several standards have been proposed to describe this
subset.

Reasonable person standard
This standard is used to describe the amount and type of infor-
mation that a reasonable person would be expected to want to
know before deciding on a treatment plan. It assumes that the
vast majority of patients would want to hear the same informa-
tion, and it is somewhat hamstrung as a guide when patients
themselves are unreasonable.

Standard of care
This concept, which can also be called the reasonable physician
standard, implies that there is a set of information that a pru-
dent, responsible physician in that patient’s community should
tell a patient or SDM. Although it seems superficially attractive,
this concept has been challenged as focusing on the needs of the
physician.

Subjective standard
This standard implies a titration of the level and quantity of
information given to the patient in proportion to his or her abil-
ity to process and use it. The physician decides how much to
tell the patient based on the patient’s intellectual, emotional,
and spiritual characteristics. Some highly intelligent patients
may request to be spared a detailed description of potential
harm from a treatment; in such cases it is ethical to honor their
request, so long as they have a basic understanding of the treat-
ment. Similarly, relatively uneducated patients or SDMs may
require risks and benefits described in exquisite detail before
they are ready to decide. Here the physician is ethically bound
to be thorough but may set limits should the process become
overly burdensome.

Waiver of consent
Only under highly stringent conditions is it acceptable to forgo
the informed consent process.Themost obvious is in the setting
of a medical emergency wherein delay in treatment for the pur-
pose of obtaining consentmight genuinely risk causing harm to
the patient. The more difficult cases occur when the patient has
lost decisional capacity and has no health care proxy. Here the
terms presumed consent and/or implied consent have been used.
As previously noted in the discussion of competence, these sce-
narios mandate careful attempts to ascertain the patient’s own
wishes, and the involvement of hospital ethics resources is often
warranted.

End-of-life care
As noted earlier in the text, many patients die in the ICU, often
after a long and protracted course during which the clinical pic-
ture has changed many times, fostering periods of both opti-
mism and despair. The most common ethical challenges in this
setting surround changing the goals of medical care from cure
oriented to comfort focused. Several issues frequently arise in
this regard.

Withholding life-sustaining therapies
The decision to forgo life-sustaining therapy may be made by
a competent patient, in which case the physician is ethically
bound to honor this decision. Psychiatric consultation to rule
out depression with suicidal ideation may be appropriate in
this setting. If a physician feels that he or she cannot ethically
continue to care for the patient who refuses a life-sustaining
intervention, that physician is ethically obligated to identify and
transfer care to a physician who is willing to care for the patient.

The decision to withhold life-sustaining therapy from the
incompetent patient is more complicated. Although a SDM
may make this decision based on previous discussions with the
patient, it is no longer the patient speaking, and a high degree
of certainty is warranted given that the consequence of forgo-
ing life-sustaining therapy is usually death. In many states, the
power of the SDM is somewhat limited, and decisions to with-
hold life-sustaining therapy must be supported by “convincing
evidence” that this decision accurately reflects the patient’s pre-
viously stated wishes. On occasion, there may be disagreement
between the medical care team and the SDM as to whether life-
sustaining therapy should be initiated. The medical care team
is not ethically or legally obligated to provide treatment that it
does not believe will benefit the patient simply because such
treatment is requested; in these instances, ethics consultation
is recommended as well as engagement of the hospital legal
department to provide an objective assessment of the contra-
dictory opinions. Ethics consultation services are generally not
expected to settle decisions, but rather to ensure that all voices
have been heard and then to provide non-binding recommen-
dations for ethically defensible courses of action.

Do not resuscitate (DNR) orders constitute a specific pro-
scription of rescue measures taken in a setting of impend-
ing or actual cardiac arrest. Cardiopulmonary resuscitation
(CPR) and advanced cardiac life support (ACLS) protocols were
designed to rescue individuals suffering from reversible medi-
cal events such as acute myocardial infarction, yet the concept
has been extended to the default assumption that this is desired
by all hospitalized patients. That is, unless a patient or SDM
requests that resuscitation not be performed, it is assumed that
the patient desires or would desire this intervention. The sce-
nario is unusual in that there are few, if any, other interventions
that patients are assumed to elect or accept, and yet it is clear
that, for a great many critically ill patients, this intervention has
no potential for benefit, whether desired or not. Indeed, many
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patients and SDMs choose to decline CPR and ACLS at the end
of life, once they understand the procedures and their potential
benefits (or lack thereof). Frank discussions between the care
team and the patient or SDM should be held whenever pos-
sible to establish the patient’s goals and preferences for treat-
ment. Furthermore, it should be clarified that the decision to
forego interventions such as CPR and ACLS is not equivalent to
declining aggressive care, but rather applies specifically to those
particular interventions.

Withdrawing life-sustaining therapies
It is widely accepted both ethically and legally that there is no
a priori difference between withholding and withdrawing life-
sustaining therapies. That is not to say, however, that there is
no difference between the two processes. Studies of physician
attitudes have shown that physicians have greater misgivings
about withdrawing therapies that have already been instituted
than about withholding the same therapies to begin with. This
distinction naturally extends to family members and SDMs as
well. The psychological stigma of taking life-sustaining therapy
away – “pulling the plug” – rather than never initiating it in the
first place clearly resonates, even if it has no ethical or moral
basis. Further complicating the withdrawal of life-sustaining
therapies is the fact that this process will often require seda-
tive and/or analgesicmedication to ensure the patient’s comfort,
and the administration of these medications may hasten death.

Providing comfort at the end of life
When the decision is made to seek comfort as a primary
goal rather than to pursue a curative therapeutic approach,
the objectives become the control of pain and prevention of
the discomfort of respiratory distress. Analgesic medications,
most commonly opioids, are widely used to achieve these goals,
but they comport the additional effect of potentially hastening
death through respiratory depression or conceivably hypoten-
sion.The tension between the goal of achieving comfort for the
patient and the ethical duty not to cause a patient’s death is tra-
ditionally resolved philosophically by the principle of the dou-
ble effect. First espoused by Roman Catholic theologians in the
Middle Ages, this concept permits an otherwise morally unac-
ceptable effect (hastening death) even if it is foreseeable, when
the primary intent is inherently good (relief of suffering). The
concept of proportionality is important in that the good effect
must outweigh the bad, with a net benefit being realized by the
patient.This concept is helpful in resolvingmany ethical dilem-
mas in end-of-life care, but it must be acknowledged that not
all situations lend themselves to being resolved via this line of
reasoning. For example, the decision to withdraw mechanical
ventilation from a ventilator-dependent patient, an action that
would typically be accompanied by heavy sedation to prevent
the suffering of respiratory distress (terminal sedation), is not
permitted under the principle of double effect. The rationale is
that the primary act (removal of the ventilator) is not inher-
ently good (results in the death of the patient), hence the use

Table 167.1. The “slippery slope”

Relief of pain and suffering
Comfort measures only
Physician-assisted suicide

Voluntary euthanasia
Nonvoluntary euthanasia

Involuntary euthanasia
Killing/murder

of sedation to prevent the possibility of suffering is not permis-
sible. Thus the acceptability of a physician potentially hasten-
ing a patient’s death depends on a number of factors and will
vary substantially depending on the moral community within
which the physician functions. A gradient of possible behaviors
in terms of physicians’ hastening of death can be described and
is sometimes referred to as a slippery slope (see Table 167.1).

Relief of pain and suffering, even while carrying out an
aggressive curative treatment approach, is an ethical obliga-
tion for the physician to pursue. Comfort measures only refers
to the abandonment of a curative approach with an empha-
sis on achieving comfort, though recent data suggest that early
palliative care may even prolong life. As mentioned before,
such measures may secondarily hasten the death of the patient.
Here already, some physicians may feel uncomfortable, believ-
ing that every possible effort must be expended to preserve
life and that the quest for cure should never be abandoned.
Physician-assisted suicide refers to a physician aiding a patient
who requests assistance in hastening death, usually by pro-
viding the patient the means with which to commit suicide.
Although this practice is notwidely considered ethically accept-
able in the United States, it is legal in two states and is known
to occur on an undocumented basis with some frequency. Vol-
untary euthanasia, in which a physician commits an act that
hastens death at the request of the patient, is illegal and not
widely practiced in this country but is permitted in someWest-
ern societies, such as the Netherlands. Nonvoluntary euthana-
sia is the hastening of death by a physician of a patient who has
not expressed a wish to die, and involuntary euthanasia is the
hastening of death of a patient who has specifically expressed a
wish not to die. Neither of these actions is ethically acceptable in
Western societies. Killing andmurder are generallymorally and
ethically forbidden for physicians, but even here societal excep-
tions may exist in the setting of capital punishment or war.

The concern arises that if hastening death is permissible
in the context of providing comfort for terminally ill and suf-
fering patients, then the rather subjective criteria by which
such patients are identified (terminal, suffering) might become
sufficiently flexible that euthanasia also becomes permissible.
Although there is substance to this argument (when taken to
the extreme), extending it could prohibit relief of suffering and
obstruct the responsibility of the physician to do what is within
his or her power to attenuate suffering when cure is not pos-
sible. The position taken by most practitioners in this country
involves the liberal use of opioids for patients who carry a ter-
minal diagnosis with a life expectancy that is measured in days
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to weeks, but there is scant legal or professional support for
more aggressive measures, such as physician-assisted suicide or
euthanasia.

Futility
Much controversy has surrounded the concept of medical
futility. Attempts in recent decades to define futility in an
objective and non-value-based context have essentially been
unsuccessful. The goal of defining futility has at its core the
observation that, with advances in life-sustaining therapies,
patients could be kept from dying almost indefinitely but could
fail as well to make any progress toward recovery. This use
of expensive and intensive medical resources tends to have a
demoralizing effect on care teams, and efforts to define futile
care have been undertaken. A declaration of futility would then
justify the withdrawal of aggressive, life-sustaining therapy.The
process of defining futility is fraught with problems, however.
First, it ignores the generally dominant principle of autonomy.
That is, if a patient or SDM desires to continue life-sustaining
therapy, the declaration of futility would override this prefer-
ence; this selective violation of autonomy does not have, in the
United States, much traction, although it is accepted and prac-
ticed inmany otherWestern countries. Second, a declaration of
futility requires some prognostic certainty. It is an uncomfort-
able truth that physicians’ abilities to prognosticate, however
refined and aided by advanced technology, are imperfect and
subject to error. When the consequences of decisions based on
such predictions frequently involve death through withdrawal
of life-sustaining therapies, the prognostic certainty must be
high indeed.Third, the argument that such use of intensive ther-
apies places a financial burden on the health care system has not
been borne out in economic analyses.The number of patients in
such predicaments is so small as to have a trivial effect on overall
health care expenditures. Finally, inherent in the notion of futil-
ity is a predefined assumption ofwhat constitutes a life worth liv-
ing. This is so deeply subjective that it in fact defies definition;
existences that many would define as completely intolerable are
in fact perfectly acceptable to those inhabiting them.

Keeping all of these issues in mind, there are clear cases
of medical futility wherein the likelihood of recovery is so
minute as to be dismissed. In these cases, there is often con-
cern on the part of the care team that far more suffering is
being inflicted than benefit being obtained by the patient. Typ-
ically, these scenarios involve SDMs who insist that the patient
would have wanted every attempt made to sustain life. These
situations are particularly challenging to care team members,
not only because of the sense that they are participating in
care that is ultimately more harmful than good, but because,
despite their expertise, they are disempowered to change the
course of care. Care teammembers may feel that their integrity
is being compromised, leading to resentment and creation of
an oppositional relationship with the patient, SDM and/or fam-
ily members. Given these challenges, most institutions have
established futility policies that are to be used when consensus
cannot be reached as to the appropriateness of discontinuing

life-sustaining therapies. These policies tend, for the reasons
just mentioned, to be extremely stringent, requiring objective
second medical opinions, extensive involvement of ethics and
legal services, and significant mandatory waiting periods. The
state of Texas is currently unique in having codified such proce-
dures through legislation; of note is that the law has been called
upon only infrequently since its passage, and so far it has not
been subjected to judicial challenge.

Truth telling and disclosure
The last decade has seen a sweeping change in attitudes toward
disclosure of medical errors, events that occur with higher fre-
quency and with higher stakes in the ICU due to the severity of
the patients’ conditions. The patient safety movement, spurred
by the Institute of Medicine report in 1996 that suggested that
between 44,000 and 98,000 patients a year die as a result ofmed-
ical errors, has revolutionized the approach to medical error.
The widespread culture of secrecy and silence in the wake of
a medical error was largely fueled by a concern for medicole-
gal and professional liability.When investigations of errors were
performed, the goal was commonly to identify an individual to
blame and censure, further reinforcing the desire on the part
of physicians for secrecy and evasion. The result of this culture
was that the systems of care that were actually to blamewere not
identified, but rather allowed to persist. Error, rather than being
accepted as an inevitable characteristic of human behavior, was
reviled and prosecuted. As amore enlightened realm of thought
has evolved over the last decade, the attitude toward human
error has undergone a complete reversal, and most institutions
are now embracing the concept of disclosure of adversemedical
events to patientswhen they occur.Disclosure policies generally
consist of three components: a prompt and honest acknowledg-
ment that an error has taken place, an apology or expression of
sympathy for its consequences, and a pledge that work is under-
way to identify the cause of the error and prevent the same event
from occurring again. The obvious concern is that this disclo-
sure exposes physicians to the risk of embarrassment, profes-
sional censure, and litigation. This risk is felt to be outweighed
by the benefits, which begin with the fact that telling patients
the truth is the only morally and ethically defensible action.
Furthermore, openness and transparency enhance trust on the
part of the patient, family, and care team. Reviews of litigation
have shown that amajority of patients seek legal redress because
of communication failures involving the patient, family, and
physician. Ultimately, this act of disclosure begins the process
of investigating how the system or process of care can be better
designed to prevent similar adverse events from recurring in the
future. As this is a relatively new approach within the culture of
medicine, it is not yet clear what the overall effect will be on
rates of litigation or on overall costs to the health care system.

Middlemen (and women)
No discussion of ethics in the ICU would be complete without
acknowledging the position of middlemen. These individuals
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are members of the health care team, most commonly nurses,
fellows, and resident physicians who may be asked to provide
patient care that they feel is unethical or causes moral distress,
but whose position in the hierarchy does not permit them to
express their sentiments or to participate in decisions regarding
trajectory of care. This scenario is particularly common in sur-
gical ICUs, where the team in the ICU may have a perspective
on a patient’s condition that differs from that of the operative
surgeon. These conflicts are not easily resolved, for there often
is a plethora of ethical viewpoints represented within an ICU
care team. Consensus as towhat the patient wouldwant, or even
what is in the patient’s best interest, can be difficult to achieve. In
such instances, an institutional mechanism should be available
so that individuals who are experiencing moral discomfort or
who feel that ethical principles are being violated can express
their concerns. In many institutions, use of the ethics consul-
tation service provides such a mechanism; ideally the service
can be engaged by anyone, from patient to caregivers to family
members to housekeepers, when a question of ethical concern
is raised. This resource is extremely important for middlemen,
who, due to their intermediary positions in the heirarchy, can-
not act as independent agents. Ethics consultation provides a
protected and acceptable route for such morally stressed indi-
viduals to express their concerns. Again, although ethics con-
sultants do not have the authority to dictate care, they do have
the experience and knowledge to consider the concerns of all
of the stakeholders and to provide recommendations for ethi-
cally defensible plans of care. Even in the absence of a resultant
change in the plan for a patient’s care, middlemen are often sub-
stantially relieved simply to have had their voice heard.

Considerations for the operative
anesthesiologist
For the operative anesthesiologist, the ethical issues involv-
ing ICU patients come into play most commonly when oper-
ative interventions are needed or when assistance with airway
management is requested. The circumstances surrounding
these events are often characterized by an emergent need for
intervention, with little time available for assessment of ethical
concerns. In such instances, such as when a patient’s wishes
regarding endotracheal intubation are unclear, it is ethical for
the anesthesiologist to intervene if it appears that the patient is
in danger of harm or death in the absence of immediate action.
If time permits, however, the anesthesiologist should ascertain
that such issues as the goals of therapy and consent for treat-
ment, have been adequately discussed with the patient or SDM.
If this is not the case, the process of obtaining informed con-
sent for anesthesia constitutes an opportunity to discuss those
issues.

The specific instance of a patient who has asked not to be
resuscitated at the end of life (DNR), but who has agreed to a

surgical procedure merits specific mention. A clear discussion
regarding whether to continue or suspend the DNR status for
the time of the procedure and recovery is critical. Patients or
surrogates who ask to continue the DNR status while undergo-
ing general anesthesia and surgery present a particular prob-
lem for the anesthesiologist. Agreeing to such an arrangement
means agreeing to not resuscitating the patient from many
potentially reversible complications in the course of surgery and
anesthesia. It is ethically defensible for an anesthesiologist to
agree to these terms; however, it is also ethically sound for an
anesthesiologist to refuse to care for a patient under such cir-
cumstances, so long as he or she can identify another anesthe-
siologist who is willing to assume the care of the patient under
those constraints.

Conclusion
This review of common ethical problems in the ICU is meant
to be neither exhaustive nor definitive, but rather is meant
to highlight the ethical issues commonly faced in this setting.
There is a recent overall trend toward identifying and address-
ing ethical questions head-on within health care institutions,
and this has led to the formalization of ethics consultation ser-
vices and committees in most hospitals. As the volume of this
work has increased, so has the skill and experience of its prac-
titioners, and the value of their contributions to the overall
medical care environment cannot be overestimated. The fun-
damental messages of this chapter are simple: the intersection
of extreme severity of disease and the diversity of moral com-
munities present in our society will lead to the frequent emer-
gence of complicated ethical questions in the ICU. Although no
canonical guidelines for ethical actions can be identified, prac-
tical general principles exist, and local expertise in this realm
within health care institutions is rapidly burgeoning. Robust
use of the guidance provided by ethics services in situations of
uncertainty can be of immense value, and their perspective and
input should be pursued with impunity.
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Appendix: Pre-use checking of anesthesia equipment
Yasodananda Kumar Areti

A major contributory cause of anesthesia misadventure has
been the use of anesthesia machines and/or breathing sys-
tems that have not been adequately checked by an anes-
thesiologist before use. The following is the U.S. Food and
Drug Administration (FDA)-recommended pre-use checkout
procedure.

Anesthesia apparatus checkout
recommendations: US FDA, 1993
This checkout, or a reasonable equivalent, should be con-
ducted before the administration of anesthesia. These rec-
ommendations are only valid for an anesthesia system that
conforms to current and relevant standards and includes
an ascending bellows ventilator and at least the following
monitors: capnograph, pulse oximeter, oxygen analyzer, res-
piratory volume monitor (spirometer), and breathing system
pressure monitor with high- and low-pressure alarms. This is
a guideline that users are encouraged to modify to accom-
modate differences in equipment design and variations in
local clinical practice. Such local modifications should undergo
appropriate peer review. Users should refer to the operator’s
manual for the manufacturer’s specific procedures and pre-
cautions, especially the manufacturer’s low-pressure leak test
(step 5).

Emergency ventilation equipment
∗1. Verify backup ventilation equipment is available and

functioning.

High-pressure system
∗2. Check oxygen cylinder supply.

a. Open O2 cylinder and verify at least half full (about
1000 psi).

b. Close cylinder.
∗3. Check central pipeline supplies.

a. Check that hoses are connected and pipeline gauges
read about 50 psi.

Low-pressure system
∗4. Check initial status of low-pressure system.

a. Close flow control valves and turn vaporizers off.
b. Check fill level and tighten vaporizer’s filler caps.

∗5. Perform leak check of machine’s low-pressure system.
a. Verify that the machine master switch and flow control

valves are OFF.
b. Attach “Suction Bulb” to common (fresh) gas outlet.
c. Squeeze bulb repeatedly until fully collapsed.
d. Verify that bulb stays fully collapsed for at least 10

seconds.
e. Open one vaporizer at a time and repeat “a” and “b” as

above.
f. Remove suction bulb and reconnect fresh gas hose.

∗6. Turn on machine master switch and all other necessary
equipment.

∗7. Test flowmeters.
a. Adjust flow of all gases through their full range,

checking for smooth operation of floats and
undamaged flowtubes.

b. Attempt to create a hypoxic O2/N2O mixture and
verify correct changes in flow and/or alarm.

Scavenging system
∗8. Adjust and check scavenging system.

a. Ensure proper connections between the scavenging
system and both APL (pop-off) valve and ventilator
relief valve.

b. Adjust waste gas vacuum (if possible).
c. Fully open APL valve and occlude Y-piece.
d. With minimum O2 flow, allow scavenger reservoir bag

to collapse completely and verify that absorber
pressure gauge reads about zero.

e. With the O2 flush activated, allow the scavenger
reservoir bag to distend fully, and then verify that
absorber pressure gauge reads �10 cm H2O.
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Breathing system
∗9. Calibrate O2 monitor.

a. Ensure monitor reads 21% in room air.
b. Verify low O2 alarm is enabled and functioning.
c. Reinstall sensor in circuit and flush breathing system

with O2.
d. Verify that monitor now reads � 90%.

10. Check initial status of breathing system.
a. Set selector switch to “Bag” mode.
b. Check that breathing circuit is complete, undamaged,

and unobstructed.
c. Verify that CO2 absorbent is adequate.
d. Install breathing circuit accessory equipment (e.g.,

humidifier, PEEP valve) to be used during the case.
11. Perform leak check of the breathing system.

a. Set all gas flows to zero (or minimum).
b. Close APL (pop-off) valve and occlude Y-piece.
c. Pressurize breathing system to about 30 cm H2O with

O2 flush.
d. Ensure that pressure remains fixed for at least

10 seconds.
e. Open APL (pop-off) valve and ensure that pressure

decreases.

Manual and automatic ventilation systems
12. Test ventilation systems and unidirectional valves.

a. Place a second breathing bag on Y-piece.
b. Set appropriate ventilator parameters for next patient.
c. Switch to automatic ventilation (Ventilator) mode.
d. Fill bellows and breathing bag with O2 flush and then

turn ventilator ON.
e. Set O2 flow to minimum, other gas flows to zero.
f. Verify that during inspiration bellows delivers

appropriate tidal volume and that during expiration
bellows fills completely.

g. Set fresh gas flow to about 5 L/min.
h. Verify that the ventilator bellows and simulated lungs

fill and empty appropriately without sustained pressure
at end expiration.

i. Check for proper action of unidirectional valves.
j. Exercise breathing circuit accessories to ensure proper

function.
k. Turn ventilator OFF and switch to manual ventilation

(Bag/APL) mode.
l. Ventilate manually and assure inflation and deflation

of artificial lungs and appropriate feel of system
resistance and compliance.

m. Remove second breathing bag from Y-piece.

Monitors
13. Check, calibrate, and/or set alarm limits of all monitors.

a. Capnometer
b. Oxygen analyzer
c. Pressure monitor with high and low airway alarms
d. Pulse oximeter
e. Respiratory volume monitor (spirometer)

Final position
14. Check final status of machine.

a. Vaporizers off
b. APL valve open
c. Selector switch to “Bag”
d. All flowmeters to zero
e. Patient suction level adequate
f. Breathing system ready to use

∗If an anesthesia provider uses the samemachine in successive
cases, these steps (1 to 9) do not need to be repeated or may be
abbreviated after the initial checkout.

Automated checkout
Clinicians fail to check their equipment thoroughly, are often
not successful in detecting machine faults, or they do not check
their machines at all. Despite extensive instruction, anesthesia
residents, at best, could only perform 81% of a checkout pro-
cedure. Hence, automated checkout is incorporated in newer
machines (Datex-Ohmeda S/5 ADU, Dräger Julian, NM 6000,
Fabius GS). They are unique in having a system checkout rou-
tine that is electronic and automated. The operator follows
instructions to activate flows of gases, occlude the breathing cir-
cuit during the leak check, switch from manual to mechanical
ventilation, open and close the pop-off valve, ormanually check
various functions (suction, or emergency oxygen cylinder sup-
ply). It covers all the steps of the FDA checklist. The system
checkout is logged, but may be bypassed in an emergency.

Despite these automated procedures, not every fault,
obstruction, crossed connection, disconnection, or incompe-
tent valve may be detected. It may not be obvious to the clin-
ician as to what the machine is testing. Hence in addition to
automated checkouts, anesthesiologists must develop appro-
priate manual checklists to suit the apparatus being used. The
anesthesia delivery systems have evolved to the point that one
checkout procedure is not applicable to all anesthesia deliv-
ery systems currently on the market. Hence the ASA (Ameri-
can Society of Anesthesiologists) subcommittee on equipment
and facilities in 2008 recommended a template for develop-
ing checkout procedures that are appropriate for each individ-
ual anesthesia machine design and practice setting (Tables A1
andA2). Items that are not evaluated by the automated checkout
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Table A1. Summary of checkout recommendations by frequency and
responsible party (to be completed daily)

Item to be completed Responsible party

Item #1: Verify auxiliary oxygen cylinder and
self-inflating manual ventilation device are
available and functioning

Provider and Tech

Item #2: Verify patient suction is adequate to
clear the airway

Provider and Tech

Item #3: Turn on anesthesia delivery system
and confirm that AC power is available

Provider or Tech

Item #4: Verify availability of required monitors,
including alarms

Provider or Tech

Item #5: Verify that pressure is adequate on the
spare oxygen cylinder mounted on the
anesthesia machine

Provider and Tech

Item #6: Verify that the piped gas pressures are
≥50 psig

Provider and Tech

Item #7: Verify that vaporizers are adequately
filled and, if applicable, that the filler ports
are tightly closed

Provider or Tech

Item #8: Verify that there are no leaks in the gas
supply lines between the flowmeters and
the common gas outlet

Provider or Tech

Item #9: Test scavenging system function Provider or Tech
Item #10: Calibrate, or verify calibration of, the

oxygen monitor and check the low oxygen
alarm

Provider or Tech

Item #11: Verify carbon dioxide absorbent is
not exhausted

Provider or Tech

Item #12: Breathing system pressure and leak
testing

Provider and Tech

Item #13: Verify that gas flows properly
through the breathing circuit during both
inspiration and exhalation

Provider and Tech

Item #14: Document completion of checkout
procedures

Provider and Tech

Item #15: Confirm ventilator settings and
evaluate readiness to deliver anesthesia care
(ANESTHESIA TIME OUT)

Provider

need to be identified, and supplemental manual checkout pro-
cedures included as needed. Adaptation of the pre-anesthesia
checkout to local needs, assignment of responsibility for the
checkout procedures, and training are the responsibilities of the
individual anesthesia department. These guidelines and exam-
ples of institution-specific procedures for current anesthesia
delivery systems are available on the ASA website (see list).

Table A2. Summary of checkout recommendations by frequency and
responsible party (to be completed prior to each procedure)

Item to be completed Responsible party

Item #2: Verify patient suction is adequate to
clear the airway

Provider and Tech

Item #4: Verify availability of required monitors,
including alarms

Provider or Tech

Item #7: Verify that vaporizers are adequately
filled and if applicable that the filler ports are
tightly closed

Provider

Item #11: Verify carbon dioxide absorbent is
not exhausted

Provider or Tech

Item #12: Breathing system pressure and leak
testing

Provider and Tech

Item #13: Verify that gas flows properly
through the breathing circuit during both
inspiration and exhalation

Provider and Tech

Item #14: Document completion of checkout
procedures

Provider and Tech

Item #15: Confirm ventilator settings and
evaluate readiness to deliver anesthesia care
(ANESTHESIA TIME OUT)

Provider
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168 Bronchopleural fistula
Ju-Mei Ng and Peter Gerner

A bronchopleural fistula (BPF) is a pathologic connection
between an airway and the surrounding pleural cavity. A BPF
may occur by breakdown of a bronchial suture line after
pulmonary resection; from spontaneous rupture of a lung
abscess, bulla, or cyst; or by erosion of a bronchus by carci-
noma or chronic inflammatory disease of the lung parenchyma.
More commonly, it is a postoperative complication following
lobectomy or pneumonectomy. Predisposing factors for post-
operative BPF include preoperative radiation therapy, infec-
tion, right-sided pneumonectomy, residual neoplasm, a long
bronchial stump without coverage, and prolonged intubation.
Symptoms may include intermittent (small BPF) or persistent
(large BPF) air leak, subcutaneous emphysema, dyspnea, and
purulent drainage from the chest tube, or development of an
empyema.

Surgical management
Small fistulas may close spontaneously. If surgical intervention
is necessary, it ranges from application of fibrin glue via bron-
choscopy to thoracotomy requiring flap closure of the stump.
Surgical repair may either be primary (early cases) or require
drainage of an empyema followed by delayed corrective surgery.

Anesthesia management
Preoperative management
Determination of the size of the BPF
These patients should have a chest tube in place already. If the
air bubbling through the water seal chamber of the chest tube
drainage system occurs only intermittently with deep breathing
or coughing, then one can reasonably assume that the fistula
is small. A continuous, persistent leak indicates involvement of
a larger fistula. A more quantitative approach is to determine
the difference between inspired and expired tidal volumes.This
is easy in a ventilated patient, but can be done in a sponta-
neously breathing patient using a tight-fitting mask and a fast-
responding spirometer.

If the patient is mechanically ventilated preoperatively, the
ventilator settings should be determined and the amount of
tidal volume lost via the leak assessed. It is important to make

sure it will be possible to take the patient off that specific ven-
tilator to transport him or her to the operating room (OR) and
it will be possible to ventilate the patient with the OR ventila-
tor. Some older models do not provide enough gas flow to com-
pensate for the leak. In rare cases, an intensive care unit (ICU)
ventilator might have to be brought to the OR.

Review of chest radiographs
BPFs may result in entrainment of pleural fluid (often infected)
into the bronchuswith spillage to the other lung. If there is addi-
tional injury to the contralateral lung, it may greatly impair the
ability to insure adequate oxygenation during the procedure.

If the patient is not ventilated and the BPF is determined
to be small, it is necessary to decide whether the patient will
tolerate a brief period of positive pressure ventilation prior to
lung separation. Even if the BPF is thought to be small, the anes-
thesia provider must be ready to provide lung isolation imme-
diately. A small BPF may be larger than anticipated or may
open up with positive pressure, making it impossible to ven-
tilate the patient without lung isolation. Lung isolation as early
as possible is also necessary if there is potential for spillage of
the nonaffected lung with empyema fluid from the lung with
the BPF.

Intraoperative management
There are several considerations for induction if the patient is
not already on the ventilator. If there is a small leak and the plan
is to have a period of positive pressure ventilation prior to lung
isolation, it is useful to take the chest tubes off suction and place
them on water seal. This will decrease the air leak but still pre-
vent a tension pneumothorax from developing. If the patient
does not yet have a chest tube, it is imperative to talk to the sur-
geons about placing one under local anesthesia prior to induction
of anesthesia and commencement of positive pressure ventila-
tion. Even an inhalational induction with spontaneous venti-
lation is problematic as breath holding or laryngospasm may
require unplanned institution of positive pressure ventilation,
which may lead to the development of a tension pneumotho-
rax. If the surgical plan requires a diagnostic bronchoscopy, a
single-lumen tube (SLT) is needed for bronchoscopy. Depend-
ing on the size of the BPF, a massive air leak might be



Part 29 – Special Topics

encountered.Therefore, in such cases it is preferable to perform
an awake surgical bronchoscopy (through a laryngeal mask air-
way, if necessary), prior to induction of anesthesia. If a large leak
through the BPF is anticipated, a sevofluranemask induction or
a combination of low-dose propofol, remifentanil, and sevoflu-
rane are both useful techniques. While maintaining sponta-
neous ventilation, intubation with a double-lumen tube (DLT)
should be performed and one-lung ventilation (OLV) initiated.
This approach avoids the situation of being unable to ventilate
the nonaffected lung secondary to all gas escaping through the
BPF. If a very large leak is present, the safest method is to per-
forman awake fiberoptic intubationwith aDLT. If positive pres-
sure ventilation is applied prior to lung isolation,mean andpeak
airway pressures should be minimized and the time spent ven-
tilating the fistula limited. Thoracic epidural anesthesia report-
edly has been used as the only mode of anesthesia and may be
considered under certain circumstances.

Lung isolation techniques
DLTs, bronchial blockers, and selective intubation of the left
mainstem bronchus with an SLT (if the BPF is right-sided) are
all options for lung isolation. Generally, intubation of the right
mainstem bronchus with an SLT for a left-sided BPF is not opti-
mal, as the right mainstem is too short to accommodate the
cuff without obstructing the take-off for the right upper lobe
bronchus.

If the BPF is recent and not infected, it may be possible to
perform a primary repair. Otherwise, the surgeon will simply
drain the empyema and pack the fistula. In most cases, this
approach will significantly decrease, but not eliminate, the air
leak. For all cases in which the BPF is not repaired, the anesthe-
siologist will need to discuss postoperative management with
the recovery unit or ICU team. If there is still a significant air
leak, it may be necessary to continue OLV in the ICU. If the
patient is too hypoxic to tolerate prolonged OLV, one possible
approach is to ventilate both lungs independently using a DLT
and separate ventilators.

It may be difficult to determine optimal ventilation by tidal
volumemeasurements alone.Whenever there is a large air leak,
much of the tidal volume exits via the chest tubes.The tidal vol-
umes reported by the ventilator are measured in the expiratory
limb and thus exclude the inspiratory volume lost via the chest
tubes. Likewise, end-tidal CO2 measurements also will be inac-
curate. Frequent blood gas monitoring is required for optimum
adjustment of the ventilator. Many ventilators have spirometry
readings that permit a reasonably accurate assessment of the
inspiratory tidal volumederived from the graphic display of vol-
ume versus time plot.

High-frequency jet ventilation for themanagement of BPF
Conventional intermittent positive pressure ventilation deliv-
ers relatively large tidal volumes at relatively low respiratory
rates. High-frequency jet ventilation (HFJV) has been used
based on the theory that it minimizes air leaks and mediasti-
nal emphysema due to lower inspiratory pressures and tidal

volumes, leading to less gas leak through the BPF.However, sev-
eral authors found that with HFJV, PaCO2 was unacceptably
high, or that no clinically important decreases in airway pres-
sure and flow across the fistula occurred. In addition, HFJV is
rather ineffective in patients with stiff (noncompliant) lungs,
such as in acute respiratory distress syndrome or pulmonary
fibrosis. Continuous positive airway pressure (CPAP) is an
alternative to the treatment of hypoxia during OLV. The equip-
ment and setup are more straightforward, and most anesthe-
siologists have experience with CPAP. For this reason, it is the
more prudent first choice for treating hypoxia during OLV.

Postoperative management
It is usually best to resume spontaneous ventilation as soon as
possible, because in many cases it significantly decreases the
remaining leak. When it is not possible to extubate the patient,
and the BPF is not completely repaired, ventilatory pressures
must be minimized. Continuous high flow across a packed, but
not completely repaired, fistula will simply prevent healing and
closure. Pressure control ventilation may be quite useful, as the
ventilator will not alarm for failure to deliver the set tidal vol-
ume and will cease inspiration reliably because expiration is
time-triggered rather than flow-triggered (as in pressure sup-
port ventilation). Usually, the suction on the chest tube is also
minimized as much as possible.

If the patient is to remain intubated, the care team must
decide whether to leave the DLT in place or change to an
SLT. The small internal diameter of the DLT causes a problem
with pulmonary toilet. It is difficult to suction effectively, and
bronchoscopy can be performed only with a pediatric scope.
However, a DLT allows continuation of OLV, or immediate
resumption of OLV if necessary. If the decision is made to
change the tube, the anesthesiologist must avoid contact with
the area of repair. This is of particular concern if the use of a
tube changer is planned.
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169 Inhaled nitric oxide
Wolfgang Steudel and Warren M. Zapol

In the fields of neonatology, critical care, and cardiothoracic
anesthesia, nitric oxide (NO) has become a useful inhaled ther-
apeutic agent over the past two decades. NO is a gaseous free
radical with a short half-life (seconds) in blood and inter-
stitial fluid. Inhaled NO binds rapidly to hemoglobin in the
pulmonary vasculature of ventilated lung areas and induces
selective pulmonary vasodilation. When low doses of NO are
inhaled (∼0.1–10 parts per million [ppm]), the distribution of
ventilation to perfusion (V/Q) improves and PaO2 increases.
Inhaling higher concentrations of NO (∼10–100 ppm) may
decrease pulmonary artery pressure without lowering systemic
vascular resistance (SVR) or systemic blood pressure.

Smoothmuscle relaxation by NO
Inhaled NO stimulates the enzyme-soluble guanylate
cyclase, which is responsible for conversion of guanosine
5′-triphosphate to cyclic guanosine monophosphate (cGMP).
cGMP activates cGMP-dependent protein kinases, leading to
vascular relaxation. The actions of cGMP are limited via its
rapid catabolism by phosphodiesterases (Fig. 169.1).

Besides cGMP-dependent mechanisms, NO interacts inde-
pendently of cGMP with heme-containing molecules and pro-
teins containing reactive thiol groups. Also, NO interacts with
superoxide radical, thereby limiting NO bioavailability and
resulting in the formation of the potent oxidant peroxyni-
trite (ONOO−). In the presence of oxygenated hemoglobin
(Hb), NO is rapidly metabolized to nitrate with formation of
methemoglobin (met-Hb). Met-Hb in erythrocytes is rapidly
reduced to ferrous-Hb by met-Hb reductase within the red
cell.

Laboratory experiments
Pulmonary vasoconstriction
The ability of NO to selectively dilate the pulmonary vascula-
turewas initially demonstrated in lamb acute pulmonary hyper-
tension models using alveolar hypoxia (breathing 10% oxygen)
or U46619 infusion (a synthetic thromboxane analogue) as the
vasoconstrictor stimulus. Both cause pulmonary vasoconstric-
tion and increase mean pulmonary artery pressure (MPAP).
After inhaling NO at 40 ppm, the MPAP was decreased after
a few breaths. The lamb’s cardiac output and systemic arterial

pressure were not affected by NO inhalation.These results were
later confirmed in healthy adult volunteers breathing hypoxic
gas mixtures both at ambient pressure and in a high-altitude
laboratory.

V/Qmatching and oxygenation
The intrapulmonary distribution of blood flow and ventilation
is a major determinant of the efficiency of transpulmonary oxy-
genation and results in high PaO2. In a normal healthy lung, the
best-ventilated areas are well perfused.The venous shunt (from
the right to the left side of the circulation) is mainly extrapul-
monary (e.g., via bronchial veins) and accounts for less than 5%
to 8% of cardiac output. Local alveolar hypoxia constricts the
vascular bed adjacent to the hypoxic region and redistributes
blood flow toward lung regions with better ventilation, pro-
ducing a higher PaO2. It has been shown experimentally that
inhaling NO inmodels of acute lung injury activates this mech-
anism, increasing PaO2 by increasing the blood flow perfusing
well-ventilated lung areas (Fig. 169.2).

Clinical uses
Neonatology
Full-term newborn babies
Persistent pulmonary hypertension of the newborn (PPHN) is a
clinical syndrome characterized by sustained pulmonary hyper-
tension and severe hypoxemia, often resulting in cyanosis unre-
sponsive to oxygen therapy. PPHN may be caused by a variety
of common etiologies (e.g., aspiration) or may be idiopathic.
Diagnostic confirmation of PPHN includes echocardiographic
observation of a right-to-left shunt through the ductus arte-
riosus or foramen ovale and is usually caused by an increased
pulmonary vascular resistance (PVR) in the absence of congen-
ital heart disease. Treatment strategies have included breath-
ing at high inspired oxygen concentrations, hyperventilation,
intravenous infusion of bicarbonate solutions to produce alka-
losis, and surfactant administration. Extracorporeal membrane
oxygenation (ECMO) is a high-risk therapy employed as a last
resort to treat hypoxemia. However, the anticoagulation and
cannulation of large vessels required for ECMO may produce
hemorrhagic and ischemic complications, respectively.
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Figure 169.1. NO signaling pathway in the lung.
PKG, cGMP-dependent protein kinases; NOS, NO
synthase; L-arg, l-arginine; sGC, soluble guanylate
cyclases; RSNO, S-nitrosothiol. (Reprinted with
permission from Ichinose et al. Inhaled nitric oxide.
A selective pulmonary vasodilator. Current uses
and therapeutic potential. Circulation 2004; 109:
3106–3111.)

In 1990, it was discovered that inhaled NO (1–80 ppm)
rapidly improved arterial oxygenation in many newborns with
PPHN. The magnitude of the increase in arterial oxygen ten-
sions of babies treated with inhaled NO was directly propor-
tional to the degree of hypoxia before NO inhalation, and in
a large percentage of infants breathing NO, the increased sys-
temic oxygenation was maintained over time, even after NO
inhalation was discontinued. Subsequently, several large con-
trolled, randomized multicenter trials using inhaled NO in
near-term and term hypoxic newborn patients were performed.

Figure 169.2. Differing pathophysiologic effects of inhaled pulmonary
vasodilators and intravenous vasodilators. SNP, sodium nitroprusside; TNG,
nitroglycerin; PGI2, prostaglandin I2; Qs/Qt, right-to-left shunt fraction; SVR,
systemic vascular resistance. (Reprinted with permission from Ichinose et al.
Inhaled nitric oxide. A selective pulmonary vasodilator. Current uses and
therapeutic potential. Circulation 2004; 109:3106–3111.)

In most patients with PPHN and hypoxic respiratory failure,
NO improved oxygenation and decreased the requirement for
ECMO. These studies of term gestation newborns with PPHN
led the US Food and Drug Administration to approve NO
inhalation for this indication in December 1999.

Premature babies and newborns with
bronchopulmonary dysplasia
Bronchopulmonary dysplasia (BPD) is a severe lung disease
of premature babies that results from the absence or inter-
ruption of normal pulmonary alveolar/microvascular develop-
ment. Ventilator-induced lung injury can produce additional
lung damage. Several multicenter studies with encouraging
results in more than 2000 babies reported that NO inhalation
may decrease the incidence of BPD and death in prematurely
born infants. Further trials are ongoing.

Critical care
Acute respiratory distress syndrome
Acute lung injury (ALI) and acute respiratory distress syn-
drome (ARDS) are conditions involving acutely impaired arte-
rial oxygenation. They are defined by the European–American
Consensus Conference on ARDS as a ratio of PaO2 to fraction
of inspired oxygen (FiO2) of 300 and 200, respectively, regard-
less of whether or how much positive end-expiratory pressure
is used. Additional criteria are bilateral pulmonary infiltrates
on the frontal chest radiograph and pulmonary capillary wedge
pressure (PCWP) � 18 mm Hg without clinical evidence of
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an elevated left atrial pressure on the chest radiograph. Pre-
disposing factors for ALI/ARDS include chest trauma, aspira-
tion and inhalation injury (causing direct lung injury), sepsis,
pancreatitis, and massive blood transfusions (causing indirect
lung injury). Although a downward mortality trend has been
observed over the past few decades, the overall mortality of
ARDS remains high and is estimated to be 40% to 50%.

Selective pulmonary vasodilation in ARDS
In severe ARDS, pulmonary hypertension augments pul-
monary edema and may impede right ventricular (RV) func-
tion and decrease cardiac output. In patients with severe ARDS,
it has been shown that inhaled NO may produce selective
pulmonary vasodilation, at least transiently. NO-induced pul-
monary vasodilation has been associated with improved RV
performance, as indicated by improvement of RV ejection frac-
tion and decreased RV end-diastolic and end-systolic volumes.
Inhaled NO also effectively decreases the mean pulmonary
artery pressure (MPAP) associated with the use of permissive
hypercapnic ventilation.

Arterial oxygenation in ARDS
Severe hypoxemia caused by extensive intrapulmonary right-
to-left shunting is characteristic of ARDS. Current strategies of
management include lung recruitment by high levels of posi-
tive end-expiratory pressure, prone positioning, and ventilation
with a high FiO2. Therapies that permit lower airway pressures
and FiO2 reduce the risk of barotrauma and oxidant injury to
the lung. A landmark trial by the National Heart, Lung, and
Blood Institute Acute Respiratory Distress Syndrome Network
in 2000 enrolling more than 800 patients concluded that low-
tidal volume ventilation (�6 ml/kg) is a key strategy to reduce
both mortality and time spent on the ventilator.

When inhaled NO is acutely administered at low concen-
trations (1–10 ppm), oxygenation improves in most ARDS
patients. A recent prospective randomized trial in a small group
of patients reported that the acute dose response (e.g., increase
of PaO2) is alteredwhenpatients inhaleNO(10ppm) for several
days. A leftward shift of the dose–response curve was observed;
for example, oxygenation improved at NO concentrations of
1 ppm but deteriorated at higher concentrations (10 or 100
ppm). This effect did not, however, translate into either
improved survival or earlier weaning of these patients from
ventilatory support.

Outcome in ARDS
Inhaled NO did not reduce the need for ventilatory support or
reduce mortality in several single and multicenter trials. Due
to the fact that patients with ARDS often suffer from severe
multiple organ failure, the beneficial effects of NO inhalation
are unlikely to alter overall survival. Several more recent trials
in patients with ARDS confirmed the finding that inhaled NO
does not improve patient outcome. In pediatric ARDS, there is
a more optimistic view of the effect of inhaled NO on outcome
and mortality.

Perioperative use
Anesthesia for cardiothoracic surgery
Congenital heart disease
Pulmonary hypertension leading to acute right heart failure
may complicate the management of patients during and after
cardiac surgery using cardiopulmonary bypass. Before and after
the repair of congenital cardiac lesions, transient pulmonary
hypertension is frequent. The underlying mechanisms causing
pulmonary hypertension are damage to the pulmonary vascu-
lar endothelium, a reduced ability to produceNOby endothelial
nitric oxide synthase, and possibly a noxious effect of the use of
cardiopulmonary bypass. It has been shown that inhaled NO
ameliorates the postoperative pulmonary hypertension of con-
genital heart disease and decreases the need for postoperative
ECMO.

Coronary and valvular disease
Several studies have demonstrated that the inhalation of NO
effectively decreases the pulmonary artery pressure when coro-
nary artery bypass grafting or surgery for valvular heart disease
is complicated by perioperative pulmonary hypertension.
Patients with left ventricular valvular disease (primarily
mitral stenosis and insufficiency) may have preoperative pul-
monary hypertension caused by chronically increased left
atrial pressure with retrograde transmission of that pres-
sure into the pulmonary circulation. In these patients, pul-
monary vascular remodeling occurs as a result of chronic
pulmonary venous hypertension with subsequent chronic pul-
monary arterial hypertension. Pulmonary vascular remodel-
ing and vasoconstriction may persist or slowly decrease with
time after valve replacement. Intra- or postoperative treat-
ment with inhaled NO after repair of the valvular disease
may relieve the vasoconstrictor component. However, no con-
trolled clinical trial has been reported to confirm the effects
of inhaled NO on pulmonary hypertension in this patient
population.

Lung transplantation
Pulmonary artery hypertension frequently occurs in the imme-
diate postoperative period after lung transplantation. Ischemia–
reperfusion (I–R) injury to the graft remains one of the major
causes of early graft failure after lung transplantation. Adhe-
sion and sequestration of leukocytes by activated pulmonary
endothelium in the graft is believed to be an important contrib-
utor to I–R injury. NO possesses anti-inflammatory properties,
and inhaledNO can attenuate pulmonary I–R injury in preclin-
ical studies. Inhaled NO may be beneficial for lung graft recip-
ients who develop lung I–R injury, and it has been reported to
be effective in the treatment of post–lung transplant pulmonary
dysfunction. One study demonstrated that the use of inhaled
NO after lung transplantation produced a lower overall mor-
tality rate. Therefore, the immediate visible physiologic benefit
(decrease of pulmonary artery pressure) may be followed by a
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prolonged benefit (reduction of I–R injury) when inhaledNO is
given after lung reperfusion and then continued in the postop-
erative period. However, further prospective randomized trials
are needed to determine whether patient outcome is improved
by inhaled NO therapy after lung transplantation.

Heart transplantation
The transplanted heart is particularly prone to develop right
heart dysfunction and failure. The newly implanted (right)
heart that is not adapted to an elevated PAP must pump blood
through the recipient’s pulmonary vascular bed, a vascular bed
that has been chronically exposed to LV failure and may be
restricted. To assess the feasibility of heart transplantation alone
without lung transplantation (e.g., right heart adaptation to the
pulmonary circulation), a preoperative pulmonary vasodilator
response is a significant criterion. If there is preoperative vaso-
dilation in response to inhaled NO, inhaled NO can be used
intra- and postoperatively to support RV function via a reduc-
tion in right ventricular afterload (e.g., pulmonary vasodilata-
tion).

Left ventricular assist device
RV dysfunction occurs in 10% to 20% of patients after insertion
of an LV assist device (LVAD). The ability of the right ventricle
to pump sufficient blood to the LVAD is critically dependent on
RV contractility and afterload, both of which may be adversely
effected by the presence of an elevated PVR due to the pri-
mary disease process and/or cardiopulmonary bypass. RV fail-
ures after LVAD placement are associated with a poor outcome
and often require the addition of an RV assist device (RVAD).
Inhaled NO is commonly added to dilate the pulmonary circu-
lation and unload the right ventricle, thereby avoiding RVAD
placement (although controlled trials have not been reported).

Diagnostic use
Cardiac catheterization laboratory
In the past, intravenous prostacyclin and calcium channel
blockers were the standard drugs for the diagnostic test-
ing of pulmonary vasoreactivity in patients with pulmonary
hypertension. Unfortunately, systemic administration of these
vasodilating agents may produce severe arterial hypotension
and increased intrapulmonary right-to-left shunting, and at
times may result in shock and death. In general, demonstration
of a vasodilator response to these agents correlates with a more
favorable response to oral vasodilators and an improved long-
term clinical outcome for patients with pulmonary hyperten-
sion. Several studies have demonstrated that inhaled NO can
be safely and effectively given to assess the capacity for pul-
monary vasodilation in pediatric and adult patients with pul-
monary hypertension, without causing systemic hypotension.
The ability of inhaled NO to decrease the PVR and PAP in the
catheterization laboratory can be used to predict the subsequent
response to therapy with oral vasodilators. In adult patients
with pulmonary hypertension due to congenital heart disease,

oral vasodilators can significantly improve survival. Therefore,
because of its safety, inhaled NO has become the standard agent
used to test safely pulmonary vasoreactivity in the catheteriza-
tion laboratory.

Other uses
Right ventricular ischemia
RV coronary artery occlusion due to a thrombosis or obstruc-
tion by air (during and after cardiac surgery) may lead to RV
myocardial dysfunction and RV infarction (RVMI), which may
be complicated by cardiogenic shock (despite preserved LV
function). RVMI is associated with a high mortality rate. A
recent study of 13 patients with RVMI and cardiogenic shock
demonstrated that when 80-ppm NO was inhaled for 10 min-
utes, there was a 13% decrease in MPAP and a 24% increase in
cardiac index, with a stable systemic arterial pressure. A larger
study group has not been reported because of the uncommon
nature of this problem.

Liver transplantation
Recent data suggest that inhaled NO may lower hepatocyte
apoptosis after orthotopic liver transplantation. Whether these
preliminary observations will translate into beneficial effects in
terms of graft survival and patient outcome is the subject of
ongoing clinical studies.

Other nonpulmonary effects
In addition to the pulmonary effects of inhaled NO, a variety of
systemic effects have been reported. NO can form stable, bio-
logically active byproducts that have effects on various vascu-
lar beds in the body distant from the lung. Improvement of
myocardial ischemia–reperfusion injury has become a major
focus of recent research, as several experimental studies have
shown beneficial effects of inhaling NO in mice and pig mod-
els of myocardial ischemia–reperfusion injury. NOmetabolites
such as S-nitrosothiols, and NO heme levels in erythrocytes,
as well as nitrite and nitrate levels in plasma, increased signif-
icantly after NO breathing, and were accompanied by a nearly
50% decrease in experimental myocardial infarct size. Ongoing
clinical trials of NO in MI are being conducted in Europe.

Inhaled NO does not reduce the mean SVR; however, it
may alter regional blood flow. Significant systemic hypotension
has not been observed in clinical studies of NO inhalation. NO
breathing provides a convenient and safe technique for loading
the NO metabolite stores of the body.

Metabolism
NO is inactivated by interaction with biological target
molecules.The half-life of NO in vivo is only a few seconds.The
main NOmetabolic pathways are its binding to O2

− and to the
ferrous heme ring of hemoglobin,with the subsequent release of
NO3

−.The binding and release of NO to thiols presents another
important metabolic pathway. Almost 70% of the inhaled gas
appears within 48 hours as NO3

− in the urine. The remaining
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30% of inhaled NO is recovered as NO3
− by secretion from

salivary glands. NO2
− is also partly converted to nitrogen gas

in the stomach, and some NO2
− in the intestine is reduced to

ammonia, reabsorbed, and converted to urea.

Toxicity, administration, andmonitoring
Themajor concerns of severe NO toxicity aremethemoglobine-
mia, NO2 formation, and cellular damage. A marked overdose
of inhaled NO (�500–1000 ppm) leads to rapid gaseous NO2
formation, severe methemoglobinemia, pulmonary edema and
hemorrhage, and hypoxemia, and may cause death within
minutes. Therefore, blood methemoglobin concentrations and
inspired NO2 concentrations have been closely monitored in
clinical trials of inhaled NO in adults and neonates. In large
clinical trials, lower doses of NO were clinically applied (1–80
ppm) and discontinuation of NO inhalation because of methe-
moglobinemia or NO2 formation was extremely uncommon.
It now is believed that the most important requirements for
safe NO inhalation therapy are (1) administration of the lowest
NO concentration required to produce the desired physiologic
effect (usually pulmonary vasodilation), (2) continuous analy-
sis of gas phase NO and NO2 concentrations (usually with elec-
trochemical analyzers), and (3) daily analysis of blood methe-
moglobin levels if administered at higher concentrations for
prolonged periods (�20 ppm). If methemoglobinemia (�10%)
occurs, it typically responds to a reduction in the inhaled NO
concentration or to discontinuation of NO therapy.

NO is a colorless and odorless gas that readily reacts with
oxygen to form the pulmonary irritant NO2; therefore, it must
be stored in nitrogen or another inert gas to minimize exposure
to oxygen. NO andNO2 concentrations should be continuously
monitoredwhen the gas is administered because the pulmonary
vasodilator effects of NO are transient, and rapid pulmonary
vasoconstriction may occur if the inhaled NO concentration
decreases temporarily. NO delivery systems are commercially
available and permit the clinician to provide safe NO inhalation
therapy for long periods.

Rapid discontinuation of NO inhalation may result in
“rebound” pulmonary vasoconstriction and hypertension with
acute right heart failure, leading to a decreased cardiac out-
put and systemic hypotension. After acute NO discontinuation,
rebound pulmonary hypertension associated with an increase
in intrapulmonary right-to-left shunting and a decreased PaO2
has been reported. It has been suggested that down-regulation
of endogenous NO synthesis by NO inhalation leads to this
response. To safely wean the patient from inhaled NO, a
slow stepwise reduction in the inhaled NO concentration with
immediate control of any adverse effects (e.g., reduced oxygen
saturation, arterial blood gas tensions or increased MPAP) is
important. Administration of the phosphodiesterase 5 inhibitor
sildenafil has been reported to prevent rebound pulmonary
hypertension in children receiving NO after cardiac surgery.

Another risk of inhaled NO must be carefully considered
when NO is given to patients with markedly impaired LV func-
tion (e.g., heart transplant candidates). Inhalation of NO may

vasodilate the pulmonary circulation and increase blood flow
to the failing left ventricle, thereby acutely increasing left atrial
pressure and PCWP and promoting pulmonary edema forma-
tion. Cardiac output and left atrial pressure or PCWP should
be carefully monitored when inhaled NO is administered to
patients with severe LV dysfunction.

Summary
The effects of NO on the pulmonary vasculature are unique.
Selective and potent vasodilation of the pulmonary vascula-
ture without systemic vasodilation and improvement of arte-
rial oxygenation cannot be achieved safely by any other inhaled
or systemically administered drug. NO inhalation has evolved
into a very useful and safe clinical tool in neonatology, critical
care, and perioperative medicine over the past 20 years.The use
of inhaled NO has helped in saving many lives. About 30,000
patients receive inhaled NO in the USA each year, and about
36,000 patients have been treated with inhaled NO worldwide.
Laboratory studies show that inhaled NO has effects that go
beyond the pulmonary vasculature and may benefit an even
larger patient population. NO has side effects that must be care-
fully monitored, but thoughtful practice makes it a safe drug to
administer to a wide spectrum of patients.
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Chapter

170 Skin and collagen disorders
Jie Zhou

Skin, the largest organ of the human body, can be divided into
three layers: the epidermis, dermis, and subcutaneous tissue.
Other components include hairs and follicles, sweat and seba-
ceous glands, nails, blood vessels, lymphatics, nerves, erector
pili muscles, and melanocytes for pigmentation.

Human skin functions involve protection, sensation, body
temperature regulation, control of evaporation, storage of lipids
and water, vitamin D synthesis, excretion, and absorption. Col-
lagen is the main protein in the skin, ligaments, bone, tendons,
cartilage, and connective tissue. More than 20 types of collagen
have been discovered; they play a critical role inmaintaining the
integrity of the tissues and other functions.

Anesthetic management and medication often alter the
physiology of the skin. Diseases of the skin and collagen mani-
fest with a variety of clinical signs and symptoms, knowledge of
which is important for anesthesiologists because they may have
significant impact on clinical management. In this chapter, we
discuss the skin and collagen diseases of significant interest to
the anesthesiologist.

Hereditary angioedema
Hereditary angioedema (HAE) is an autosomal dominant dis-
order with acute episodic nonpitting edema of the eyes, lips, lar-
ynx, mouth, tongue, face, genitalia, and bowels. It is caused by
the leakage of plasma from postcapillary venules into the der-
mal layers of the skin. Angioedema attacks are often preceded
by a “tingling” feeling in the affected areas. Abdominal pain
also may accompany the onset and possibly results from peri-
stalticmovement of the swelling bowelwith some component of
obstruction. Trauma, pressure, and emotional stress appear to
cause the acute attack.The swelling is not usually symmetric nor
circumscribed. However, airway edema secondary to swelling
in the larynx may lead to asphyxiation and death. The attacks
may happen at any age.

Pathophysiology of the disorder was thought to be low
levels of C1 inhibitor (85%, type 1) or nonfunctioning C1
inhibitor (15%, type 2). Type 3 is designated for patients
with HAE symptoms but no clear deficiency in the comple-
ment/kinin system. The gene for C1 inhibitor (C1NH) has
been mapped to 11q12-q13.1. HAE is the result of a mutation
within C1NH and often coexists with other allergic disorders
(Table 170.1).

C1 is a complement system protein consisting of two C1r,
two C1s, and six C1q molecules. During an immunologic
response, C1 is activated by immune complexes or nonimmune
activators. Without its normal inhibitor function, activated C1
will cleave the next two proteins, C2 and C4, triggering the clas-
sic complement cascade.The swelling episodes usually progress
over a period of 12 to 24 hours. Symptomsmay last up to 5 days.

For the treatment of HAE, antihistamines are ineffective.
Instead, danazol, stanozolol, and methyltestosterone have been
shown to be good long-term prophylactic therapies. However,
side effects are somewhat common, and none of these is use-
ful in the acute phase of the disease. Also, ε-Aminocaproic acid
(EACA) and tranexamic acid have also been shown to be effec-
tive. Contraindications include advanced age, thrombosis, and
hypercoagulable state.

For short-term prophylaxis, fresh frozen plasma, andro-
gens, and plasmin inhibitors have been used. During the
acute attacks, epinephrine and glucocorticoids are commonly
required. Narcotics, purified C1 inhibitor, and EACA have been
reported to abort the attacks and might be used in the peri-
operative setting. Newer agents are currently undergoing clin-
ical trials in Europe; these include a kallikrein inhibitor and a
bradykinin receptor antagonist.

Ehlers-Danlos syndrome
Ehlers-Danlos syndrome (EDS) is a group of more than 10
different types (type I–X) of inherited disorders. All these
disorders involve genetic defects in collagen metabolism and
connective tissue synthesis and structure.

Table 170.1. Laboratory study of different types of HAE

Type I Type II Type III

Low C1 inhibitor Normal/elevated Normal C1 inhibitor
C1 inhibitor

C1 inhibitor Normal C1 inhibitor function
dysfunctional

Low C2, C4 levels Low C2, C4 levels C4 level may be normal
Normal C1q level Normal C1q level Factor XII mutation may

be present

Adapted from Heymann WR, Carolfi A, Hereitary Angioedema. Available
at http://emedicine.medscape.com/article/1048994-overview, last accessed
August 2010.
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The prevalence of EDS in the United States is estimated to
be one in 400,000 people. A new classification was introduced
in 1997 to simplify the categorization of EDS into the clas-
sic, hypermobility, vascular, kyphoscoliosis, arthrochalasis, der-
matosparaxis, and other types. All types of EDS share common
joint hypermobility, skin fragility, bruising, poorwoundhealing
and scarring, joint pain, and arthritis.

Some symptomsmay occur with specific forms of EDS – for
example, gum disease with type VIII and scoliosis with type VI.
Type IV (vascular) is the most severe form of EDS. The patho-
genesis of the disease is a result of the decreased or absent type
I, III, and/or V collagen synthesis. It is associated with sponta-
neous rupture of bowel, uterus, or major blood vessels, as well
as cervical spine or airway trauma. Preterm labor and excessive
bleeding with delivery are common obstetric problems. Car-
diac manifestation of EDS includes cardiac conduction abnor-
malities and valvular defects, such as mitral valve prolapse and
regurgitation.

EDS patients are at risk for perioperative endocarditis. Pro-
phylactic antibiotics may be indicated in the presence of cardiac
murmur. Careful manipulation during laryngoscopy is neces-
sary to avoid trauma to the airway. Complications of pneu-
mothorax and bleeding from arterial and central venous line
placement must be closely monitored and followed. Caution is
needed in patients requiring regional anesthesia, because of the
bleeding tendency.

Systemic lupus erythematosus
Systemic lupus erythematosus (SLE) is a chronic multisystem
autoimmune disease. Antinuclear antibodies are present in all
patients with active SLE. Antibodies to native double-stranded
DNA (anti-dsDNA) are relatively specific for the diagnosis.The
clinical presentation of SLE is highly variable. The American
College of Rheumatology has published detailed criteria for
classification of SLE.

Given the nature of the disease, the need for involvement by
multiple specialists is very common. Anesthesiologists should
be aware of and familiar with their patients’ disease progress
and follow closely with the developments within the domain of
each specialty, such as rheumatology, neurology, pulmonology,
cardiology, gastroenterology, nephrology, dermatology, hema-
tology, and infectious disease.

Management of anesthesia in patients with SLE is based
mainly on the disease stage. Patients on chronic steroid therapy
will need stress dose treatment perioperatively. Prudent eval-
uation and manipulation of the airway is necessary to avoid
trauma and complications. Parturients with coexisting pul-
monary hypertension with pulmonary parenchymal and vascu-
lar inflammation secondary to SLE have been reported.

Several rheumatoid and inflammatory conditions and
diseases, such as scleroderma, CREST (calcinosis, Raynaud’s
phenomenon, esophageal dysmotility, sclerodactyly, and
telangiectasia) syndrome, and antiphospholipid syndrome, are
closely related to or associated with SLE. Difficult venous access

is not trivial in these patients. Inhalation induction may be
preferable; however, if gastric esophageal reflux is severe, aspi-
ration precaution is necessary. Sellick’s maneuver (application
of cricoid pressure) may not be effective though, because the
esophagus may be fibrosed as well. Stiff temporomandibular
joints in these patients may create difficulty with regard to
direct laryngoscopic endotracheal intubation. In addition,
patients should be kept warm to avoid exacerbation of Ray-
naud’s phenomenon. Arterial line placement is relatively con-
traindicated in patients with severe Raynaud’s phenomenon.
Ischemic changes in the distal limb should be monitored when
practiced.

Epidermolysis bullosa
Epidermolysis bullosa (EB) consists of three major types: EB
simplex, junctional EB, and dystrophic EB. The differences
among the three are determined by the location of the lesion. EB
simplex involves intraepidermal skin separation, whereas junc-
tional EB is separation in the lamina lucida and basementmem-
brane zone. Dystrophic EB is separation in the sublamina densa
basement membrane zone.

EB simplex is causedmostly by geneticmutations in keratins
5 and 14. Several mutations may be responsible for junctional
EB, including laminin 5 subunits, collagen XVII, �6 integrin,
and �4 integrin. Dystrophic EB is associated with the gene for
type VII collagen.

For patients with EB, a careful preoperative evaluation
should be performed, including a detailed patient history and
physical examination. Past history of disease process should be
obtained. Intramuscular medication should be avoided. Mon-
itoring devices with skin attachments may potentially damage
the skin by adhesive taping or scratching. Artificial tears and
ointment may be used to protect the eyes instead of tape or
adhesive patches.

Extra caution should be used for intubation, suction, tem-
perature probe placement, and other instrumentation. Epidural
and spinal anesthesia reportedly has been successful in patients
with EB and no lesions on the back; however, skin infiltration
with local anesthetics is contraindicated.

In situations in which intubation is unavoidable, airway
manipulation may be difficult in patients who have had recur-
rent injury and scarring. Fasciculation-induced tissue dam-
age in response to succinylcholine with hyperkalemia has been
reported, and sensitivity to nondepolarizing agents may be
unpredictable. Although paralysis facilitates atraumatic intu-
bation, tissue scarring and tongue fixation may compromise
success; therefore, awake intubation may be preferable. Pre-
paredness for emergent airway is always needed. Ketamine has
been used successfully to achieve rapid induction while main-
taining laryngeal reflexes.

Patients with severe cases of porphyria cutanea tarda may
have signs and symptoms resembling dystrophic EB. Barbitu-
rates and other enzyme-inducing agents should be avoided in
these patients.
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Osteogenesis imperfecta
Osteogenesis imperfecta (OI), also called “brittle bone disease,”
is a rare autosomal dominant disease. Mutations in several
genes coded for proteins that contribute to type I collagen are
identified with OI. Type I collagen, the most abundant type in
humans, is found in bones, artery walls, tendons, fibrocartilage,
and scars.

Clinical features of OI include osteomalacia and excess frac-
tures, short stature, scoliosis, basilar skull deformities, blue scle-
rae, hearing loss, easy bruising, and increased laxity of the
ligaments and skin. Increased serum thyroxine levels occur in
50% of the patients with OI and are associated with increased
oxygen consumption and body temperature. Reports suggest a
relationship betweenOI andmalignant hyperthermia, although
a scientific rationale is lacking. However, close monitoring of
body temperature perioperatively is necessary.

OI patients are vulnerable to fractures. Cervical spine defor-
mity often makes direct laryngoscopy and intubation a chal-
lenge. For cases in which difficult intubation is anticipated,
elective awake fiberoptic tracheal intubation is a prudent
approach. Laryngeal mask airway is an alternative to airway
management in OI patients. Dentition in OI patients often is
fragile because of defective mineralization. Fracture may be
caused by an inflated blood pressure cuff, as well as fascicula-
tion after succinylcholine. These patients potentially are prone
to hypoxemia because of the restriction and decreased compli-
ance from associated kyphoscoliosis and pectus excavatum.

According to reports, regional anesthesia has been admin-
istered successfully to avoid tracheal intubation. Laboratory
studies of coagulation function generally are appropriate before
neuraxial anesthesia, given that OI is associated with a pro-
longed bleeding time without decreased platelet counts.

Malignant hyperthermia has been reported in patients with
OI. However, this has not been confirmed by muscle biopsy.
General anesthesia with succinylcholine and halogenated gases
has been administered to OI patients safely, although hyper-
thermia and metabolic acidosis could happen with the nature
of the disease process.

Marfan syndrome
Marfan syndrome is an autosomal dominant disorder charac-
terized by cardiovascular, skeletal, and ocular connective tis-
sue abnormalities. It is caused by a mutation in the FBN1 gene
on chromosome 15, which encodes an important extracellular
matrix glycoprotein fibrillin 1.

Patients with Marfan syndrome are prone to aortic dilata-
tion and dissection because of weakness of the aortic media,
which is the most life-threatening manifestation. However,
severe aortic regurgitation is often one of the late findings and
is attributed to the stretching of the aortic annulus.

Thickening of the atrioventricular valves makes mitral
and/or tricuspid prolapse a common abnormality. Appropriate
antibiotic prophylaxis for bacterial endocarditis is a common
practice. Cardiac conductivity, especially bundle branch block,

is common. Craniofacial deformities frequently are present.
Dislocation of joints, such as the temporomandibular joint, and
cervical spine abnormality with atlantoaxial dislocation also
are common in Marfan syndrome because of the reduction
in connective tissue elasticity. When thoracolumbar scoliosis
is severe, pulmonary function may be compromised. Ocular
involvement, such as ectopic lentis or retinal detachment, has
been shown to occur in around 60% and 10% of the patients,
respectively.

ForMarfan syndromepatients, hypertensionmust be tightly
controlled to prevent dissecting complications. Close peripar-
tum follow-up with cooperation among obstetrics, cardiology
and anesthesiology teams is the key to success inmanaging such
patients.

Periodic echocardiography is performed tomeasure the size
and progress of the aortic root and cardiac function. For par-
turients, an aortic root diameter of 40 mm is considered the
upper limit for vaginal delivery. Regional anesthesia repeatedly
has been used successfully in labor and delivery. Epidural and
combined spinal epidural anesthesia for cesarean section has
been reported in patients with aortic dissection. Cesarean sec-
tion delivery has been reported in patients who had aortic root
replacement.

Lumbosacral dural ectasia, the widening of the lumbosacral
dural sac, has been reported in 63% to 92%of patientswithMar-
fan syndrome. Erratic spread of intrathecal local anesthetics
has been reported. In the presence of dural ectasia, continuous
spinal, epidural, or combined spinal–epidural anesthesia may
be a better option than single-shot spinal anesthesia to guar-
antee an adequate level and titratability for cesarean section. It
is not clear whether this population has higher dural puncture
rates when epidural is attempted.

In cases of general anesthesia, the focus should be to
establish an airway and to maintain hemodynamic stability.
Vasodilators may increase the ejection velocity of the left ven-
tricle, which may need to be used together with �-adrenergic
blockers to prevent dissection. Transesophageal echocardiogra-
phy may provide useful real-time cardiac function information
intraoperatively.
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171 Anesthesia for aesthetic surgery
Stephen L. Ratcliff and Fred E. Shapiro

More than 10 million surgical and nonsurgical cosmetic proce-
dures were performed in the United States in 2008. Of these,
53%wereperformed in theoffice facility, 19%wereperformed in
the hospital, and 26% in a free-standing surgical center. Newer
techniques have allowed the total number of cosmetic surgeries
to increase more than 162% since 1997. With the increase in
environments in which anesthesia is provided, it is imperative
that both the anesthesiologist and nonanesthesiologist admin-
istering anesthesia adhere to evidence-based standards and safe
practices. This is done while continuing to offer patients lower
costs, increased efficiency, faster recovery times, fewer infec-
tions, and a more streamlined and comfortable experience.

Accompanying the increase in aesthetic procedures being
performed in the office and ambulatory surgical centers is an
increase in the number of patientswithmajormedical problems
and risk factors who are undergoing these procedures. There-
fore, there is great concern regarding patient safety, particularly
as the number of health care providers who administer sedation
in the office-based setting continues to grow.

Procedure selection
Procedures involving significant blood loss, major intra-abdo-
minal, intrathoracic, or intracranial cavities, or significant post-
operative pain may not be appropriate for the office setting.
Furthermore, the procedure should be of a duration and degree
of complexity that will permit the patient to recover and be dis-
charged from the facility within a reasonably short period of
time.

The American Society of Plastic Surgeons Task Force on
Patient Safety has recommended, for example, that long pro-
cedures be scheduled sufficiently early in the day to allow for
adequate recovery before discharge. Ideally, the overall proce-
dure(s) should be completed within 6 hours to allow adequate
time for recovery and discharge.Theprocedure to be performed
should be agreed upon by the patient, anesthesiologist, and sur-
geon before the procedure is undertaken and before sedative
medication is administered to the patient.

Preoperative patient selection
Each office should establish guidelines that describe criteria
for determining patient selection for office procedures. These
guidelines will take the following into account:

1. Patient’s medical status (specific diagnosis, severity of
disease state, and optimization of therapy)

2. Degree of stability of that medical status
3. Patient’s psychological status
4. Patient’s support system at home (social evaluation)
5. Intensity and duration of postprocedure monitoring (e.g.,

obstructive sleep apnea)
6. Risk of developing a deep vein thrombosis or pulmonary

embolism and the ability to provide thromboembolic
prophylaxis

Preoperative preparation
Before undergoing anesthesia for aesthetic surgery, a complete
preoperative history and physical examination should be per-
formed and an American Society of Anesthesiologists (ASA)
class assigned. Patients who are healthy or have mild sys-
temic disease (ASA 1 and 2) are generally appropriate candi-
dates for a procedure in an office-based setting. If the patient
has a higher severity of underlying medical disease (ASA
3 or 4), further direct consultation with an anesthesiologist
is necessary, and the decision to undergo the procedure at
a hospital or surgical center may be made so that resource
risks can be minimized. Preoperative testing such as labora-
tory tests, electrocardiography, and chest radiography should
be guided by preexisting medical conditions and whether
the anesthetic plan will be changed by the outcome of such
tests.

The choice of anesthesia
There are four broad types of anesthesia used for aesthetic pro-
cedures: local anesthesia, monitored anesthesia care, regional
anesthesia, and general anesthesia. The technique employed
may comprise two or more types of anesthesia and is deter-
mined by taking several factors into consideration, namely the
type and length of procedure, the level of sedation required,
whether the procedure is in a hospital or office-based setting,
the patient’s physical and psychologic status, and the qualifica-
tions of the anesthesia provider.

Anesthesia for office-based surgery can be accomplished
using a variety of approaches. Induction and maintenance of
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sedation or anesthesia may include intravenous and inhala-
tional techniques. Short-acting agents are most appropriate.
Central and peripheral regional anesthetic techniques also may
be valuable. More important than the choice of specific agents
or techniques, the anesthesiologist should focus on providing
an anesthetic that will give the patient a rapid recovery to nor-
mal function, withminimal postoperative pain, nausea, or other
side effects.

Procedures
With increasing numbers of aesthetic procedures being
performed annually, it is becoming more paramount to have
anesthetic techniques that allow for quick, safe recovery while
providing optimal surgical conditions. Aesthetic facial surgery,
which previously had been done primarily under general
anesthesia, is now possible under local and total intravenous
anesthetic techniques.

Liposuction
Liposuction is one of the leading surgical cosmetic procedures
in the United States. There are two similar liposuction tech-
niques, superwet and tumescent, both of which involve infil-
trating the surgical area with a mixture of normal saline or
lactated Ringer’s solution with a low concentration of lidocaine.
Common lidocaine concentrations range from 0.025% to 0.5%
and contain epinephrine, usually in a dilution of 1:200,000 to
1:1,000,000. In the context of aesthetic head and neck surgery,
if closed (cervicofacial) liposuction is performed, local anes-
thesia and monitored sedation may be adequate. Infraorbital,
mental, and cervical plexus nerve blocks are often used to
supplement this technique. If liposuction is performed with
another aesthetic procedure, such as rhytidectomy, general
anesthesia with a laryngeal mask or endotracheal tube may
be necessary. In all instances, close communication should be
maintained among the health care team to avoid local anes-
thetic toxicity, particularly when more than one provider may
be administering local anesthetic through various regional and
infiltrative techniques.

Complications that may arise from liposuction include
hypervolemia or hypovolemia, pulmonary embolism,
hypothermia, and lidocaine toxicity. Although smaller
volumes of tumescent injection are used for head and neck
procedures, care should be taken because cervicofacial liposuc-
tion may be undertaken in the same setting as lower-extremity
liposuction, in which larger volumes of tumescent solution
are employed. In this setting, complications may have a
greater incidence, particularly with lidocaine toxicity. There
is evidence to suggest that lidocaine toxicity may occur ear-
lier than expected in head and neck liposuction. Although
Ramon et al. used total lidocaine doses in facelift proce-
dures that amounted to 21 mg/kg, without adverse events
and with plasma levels 72% below the level considered safe,
other studies have shown higher plasma concentrations with
liposuction.

Rhytidectomy
Rhytidectomy, or “facelift,”may include removal of excess facial
skin and tightening of underlying tissues on the patient’s face
and neck. Taghinia et al. retrospectively reviewed 142 con-
secutive rhytidectomies with two different sedation/analgesia
techniques. Both techniques included propofol, ketamine, fen-
tanyl, and midazolam. However, one group used the �2-agonist
dexmedetomidine. This short-acting medication allows the
patient to breathe spontaneously on room air while providing
sedation and analgesia and decreasing the risk of combus-
tion. In this study, patients encountered lower blood pres-
sure, decreased episodes of oxygen desaturations, a decreased
requirement of supplemental oxygen, and reduced opioid, anx-
iolytic, and antiemetic use. This technique is made possible
largely through the use of local infiltration of 0.5% lidocaine
with 1:200,000 epinephrine as a background analgesic.

Blepharoplasty
Blepharoplasty involves reshaping of the eyelids by removing
or repositioning excess tissue. Blepharoplasty under local anes-
thesia or with intravenous sedation affords surgeons the abil-
ity to perform the procedure in multiple settings, including
offices and hospitals. In a recent study, Harley and Collins
examined 86 healthy patients who underwent blepharoplasty
using oral medication and local anesthetic in an office-based
setting. This retrospective review assessed patient satisfaction
and determined that the procedure is well accepted by patients.
Patients were given oral sedation prior to slow injection of
2 ml of 1% lidocaine with 1:100,000 epinephrine into each eye-
lid. An 83% response rate was obtained, with 91% reporting an
excellent experience. The authors believed the ability to choose
local anesthesia and sedation in the office setting was a major
factor in determining whether patients would have the proce-
dure done.They concluded that this anesthetic approach to ble-
pharoplasty is safe, convenient, and cost saving.

Rhinoplasty
Rhinoplasty, or surgical reshaping of the nose, can be performed
under either general or local anesthesia, depending on the
extent of the planned operation. In both settings, local anesthet-
ics can provide analgesia while lowering opioid requirements.
In one study, Demiraran et al. compared 60 patients randomly
assigned to receive preincisional lidocaine 2%with epinephrine
or levobupivacaine 0.25% without epinephrine. Patients receiv-
ing levobupivacaine required significantly fewer supplemental
analgesics.

In reviewing all the aforementioned procedures, the com-
mon denominator is the liberal use of local anesthetics. Because
of the exponential growth in the number of procedures, increas-
ing comorbidities of patients, sedation administered by anes-
thesia and nonanesthesia personnel, and recentmedia attention
to high-profilemishaps, a discussion of aesthetic surgery should
include the topic of local anesthetic toxicity.
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Table 171.1. Guidelines for the management of severe local anesthetic toxicity

Signs of severe toxicity:
� Sudden loss of consciousness, with or without tonic–clonic convulsions
� Cardiovascular collapse: sinus bradycardia, conduction blocks, asystole, and ventricular tachyarrhythmias all may occur
� Local anesthetic (LA) toxicity may occur some time after the initial injection
Immediatemanagement:
� Stop injecting the LA
� Call for help
� Maintain the airway and, if necessary, secure it with a tracheal tube
� Give 100% oxygen and ensure adequate lung ventilation (hyperventilation may help by increasing pH in the presence of metabolic acidosis)
� Confirm or establish intravenous access
� Control seizures: give a benzodiazepine, thiopental, or propofol in small incremental doses
� Assess cardiovascular status throughout
Management of cardiac arrest associated with LA injection:
� Start cardiopulmonary resuscitation (CPR) using standard protocols
� Manage arrhythmias using the same protocols, recognizing that they may be very refractory to treatment
� Prolonged resuscitation may be necessary; it may be appropriate to consider other options:

� Consider the use of cardiopulmonary bypass if available
� Consider treatment with lipid emulsion

Treatment of cardiac arrest with lipid emulsion (approximate doses are given for a 70-kg patient)
� Give an intravenous bolus injection of Intralipid 20% 1.5 ml/kg over 1 min

� Give a bolus of 100 ml
� Continue CPR
� Start an intravenous infusion of Intralipid 20% at 0.25 ml/kg/min

� Give at a rate of 400 ml over 20 min
� Repeat the bolus injection twice at 5-min intervals if an adequate circulation has not been restored

� Give 2 further boluses of 100 ml at 5-min intervals
� After another 5 min, increase the rate to 0.5 ml/kg/min if an adequate circulation has not been restored

� Give at a rate of 400 ml over 10 min
� Continue infusion until a stable and adequate circulation has been restored
Remember:
� Continue CPR throughout treatment with lipid emulsion
� Recovery from LA-induced cardiac arrest may take >1 h
� Propofol is not a suitable substitute for Intralipid
� Replace the supply of Intralipid 20% after use
� If possible, take blood samples into a plain tube and a heparinized tube before and after lipid emulsion administration and at 1-h intervals afterward. Ask

your laboratory to measure LA and triglyceride levels (these have not yet been reported in a human case of LA intoxication treated with lipid).

Reproduced with the permission of the Association of Anaesthetists of Great Britain and Ireland.

Treatment of local anesthetic toxicity
Along with local anesthetics becoming an invaluable part of
head and neck aesthetic procedures come the concerns regard-
ing increased risks of local anesthetic toxicity. In addition to
understanding the current literature on dosing guidelines and
recognizing the signs and symptoms, the health care provider
should establish a treatment plan for managing adverse out-
comes. Table 171.1 shows sample guidelines for the manage-
ment of the airway, seizures, cardiopulmonary resuscitation, as
well as for the administration of 20% Intralipid emulsion (Bax-
ter Healthcare; Deerfield, IL), if indicated.
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172 Intra-abdominal hypertension and
abdominal compartment syndrome
Joaquim M. Havens, James F. Watkins, and Selwyn O. Rogers Jr.

An increase in the volume of any abdominal or retroperitoneal
contents causes an increase in intra-abdominal pressure (IAP).
Markedly increased IAP leads to intra-abdominal hypertension
(IAH), which has profound effects on both local and systemic
tissues and organ systems that if untreated, may lead to lethal
organ failure. The clinical condition that results from the organ
dysfunction that occurs with IAH is termed abdominal com-
partment syndrome (ACS). If untreated, ACS can be rapidly
fatal, making early identification imperative.

IAH has been described in a variety of clinical situa-
tions, including abdominal trauma, ruptured abdominal aortic
aneurysm, intraperitoneal hemorrhage, hemorrhagic pancre-
atitis, pneumoperitoneum, ovarian tumor, and liver transplan-
tation. Ultimately, any circumstance that leads to an acute
expansion of the intra-abdominal or retroperitoneal contents
toward a volume greater than the capacity of the abdominal
cavity to expand will result in IAH. Local factors that may con-
tribute to IAH are the rapid accumulation of blood and clot,
bowel edema or congestion from injury tomesenteric vessels or
excessive crystalloid resuscitation, and perihepatic or retroperi-
toneal packing after damage control laparotomy for diffuse non-
surgical bleeding (Fig. 172.1).

Closure of the abdominal wall under tension may further
aggravate IAH in these conditions. This was first described by
Gross et al. in 1948 when he noted that in the surgical repair
of large omphaloceles, it was possible to forcefully close the
abdomen only to have the neonate die from respiratory and car-
diovascular collapse. Pediatric surgeons began to recognize the
consequences of “abdominal overcrowding,” which led to the
construction of plastic silos, or chimneys, to avoid tight clo-
sure of the abdomen. Rowlands et al. first described the use of
a temporary abdominal closure in the adult to prevent the con-
sequences of IAH, which has led to deliberate avoidance of pri-
mary closure of the abdominal fascia in patients at risk for IAH.

Different techniques have since been developed for the
maintenance of the open abdomen. These include placement
of prosthetic mesh; plastic sheets, as in the “Bogotá bag” (Fig.
172.2); and a vacuum pack technique of a large adherent opera-
tive drape over closed suction drains. The underlying principle
of all temporary abdominal closures is to allow expansion of the
abdominal contents without significantly increasing IAP, while
conserving heat, reducing fluid loss, and bridging fascial edges

to create a temporarily larger intra-abdominal space. Definitive
treatment for ACS involves abdominal decompression.

Because patients who suffer from ACS are generally criti-
cally ill to begin with, the organ dysfunction that results from
ACSmay bemistakenly attributed to their primary illness. Fail-
ure to recognize ACS will result in tissue hypoperfusion, mul-
tisystem organ failure, and death, with mortality approaching
100% for patients who do not undergo surgical decompression.

Diagnosis
It is important to note that IAH and ACS are not synony-
mous. IAH is a parameter that can bemeasured andmonitored,
whereas ACS is a clinical syndrome of multiple organ dysfunc-
tion that results from progressive uncontrolled IAH. The exact
level of IAP that causes end-organ dysfunction is not known.
The detrimental physiologic effects of IAH likely take place
before the manifestations of ACS become clinically evident. In
one study recording a random sample of IAP in patients follow-
ing abdominal surgery, pressures ranged from 3 to 15 mm Hg
with no evidence of ACS. Decreases in splanchnic blood flow
have been noted with IAPs as low as 10mmHg. In a dogmodel,
Richards et al. showed that oliguria occurred when IAP reached
15 to 20 mm Hg and anuria occurred when IAP exceeded
20 mmHg.

Figure 172.1. Perihepatic packing for damage control laparotomy.
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Figure 172.2. Placement of the Bogotá bag as a temporary abdominal
closure.

The 2004 International ACS Consensus Definitions Confer-
ence defined IAH as an IAP above 12 mm Hg. ACS is defined
as an IAP above 20mmHgwith evidence of organ dysfunction/
failure. ACS is further classified as primary, secondary, or recur-
rent, based on the duration and cause of the IAH-induced
organ failure. Primary ACS develops as a result of injury or
disease that originates within the abdomen, whereas secondary
ACS develops because of conditions outside the abdomen, such
as sepsis, capillary leak, major burn, bacteremia, pneumonia,
acute respiratory failure, or other conditions that require mas-
sive fluid resuscitations. Recurrent ACS is the redevelopment
of ACS in a patient with an open abdomen after initial success-
ful surgical or medical treatment of primary or secondary ACS,
or it occurs following the closure of a previous decompressive
laparotomy.

IAP may be measured by direct and indirect methods. The
direct method is measurement of intraperitoneal pressure by
transducing the pressure from a catheter placed directly into
the peritoneal cavity. The indirect method makes use of trans-
duced pressure measurements from inside accessible abdomi-
nal organs, which secondarily reflect IAP. Techniques have been
described for intragastric, intracolonic, intravesical, and infe-
rior vena cava catheters. These methods all depend on the IAP
being transmitted across the wall of the visceral organ or vascu-
lar structure, which may then be transduced.

The most common organ used for transduced pressures
is the bladder. Kron and colleagues first described measure-
ment of the bladder pressure in 1984. It is simple, accurate,
and minimally invasive, and has become the standard for mea-
surement of IAP. Kron’s technique involves instilling 50 ml of
saline into the urinary bladder through the Foley catheter. The
tubing of the collecting bag is then clamped, and a needle is
inserted into the specimen-collecting port of the tubing prox-
imal to the clamp and is attached to a manometer (Fig. 172.3).

The transducer is zeroed at the level of the symphysis pubis.
This technique has a high degree of correlation with IAP but
may be inaccurate in the setting of intraperitoneal adhesions,
pelvic hematomas or fractures, abdominal packs, or neurogenic
bladder.

Normal IAP is generally considered to be equivalent to
atmospheric pressure, but there is significant patient variability.
In a study of bladder pressures in 58 supine hospitalized patients
who had not undergone abdominal surgery, pressures varied
from 1 to 18 cmH2O (0.7–13.2 mmHg), with pressures slightly
higher in men than women and increasing as the patients were
placed in the upright position. Body mass index is positively
correlated with higher IAP, but the relationship between obe-
sity and ACS is unclear. Patients have differing abilities to toler-
ate IAH, and any pressure measurement must be taken within
the clinical context. Shown in Table 172.1, a grading system has
been proposed by Burch et al.

Radiography is insensitive in the detection of ACS and
should not be considered a diagnostic modality. Neverthe-
less, several radiographic findings that may be present in ACS

Saline

 Transducer 

Foley in bladder

Urine bag   

Monitor

Figure 172.3. Using a patent Foley catheter with clamped drainage tube,
50 ml of sterile water is infused into the bladder via a three-way stopcock
system.
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Table 172.1. Grading system for ACS

Grade Pressure,mmHg Possible organ dysfunction

I 7–11 Splanchnic hypoperfusion
II 11–18 Elevated airway pressure, reduced

cardiac output, oliguria
III 18–25 Hypotension, hypercarbia, hypoxia,

anuria, increased intracranial pressure
IV >25 Multiple organ failure

Adapted from Burch JM, Moore EE, Moore FA, Franciose R. The abdominal
compartment syndrome. Surg Clin North Am 1996; 76:833 (Table 1).

have been described. Chest radiographs may demonstrate low
lung volumes and elevated hemidiaphragms. CT findings that
have been described in ACS include tense infiltration of the
retroperitoneumout of proportion to peritoneal disease, extrin-
sic compression of the inferior vena cava, massive abdominal
distention, direct renal compression or displacement, bowel
wall thickening, and bilateral inguinal hernias. In a recent
study of 24 critically ill surgical patients, only bowel wall
thickening was significantly associated with the presence of
ACS. As ACS is a clinical diagnosis, and radiology is insensi-
tive, intervention should never be delayed for the purpose of
imaging.

Clinical manifestations
The acute expansion of intra-abdominal contents toward a vol-
ume in excess of the capacity of the abdominal cavity to expand
results in pressure-related end-organ dysfunction. Much of the
pathology results as a direct effect of pressure on organs, trans-
mitted pressure across flexible structures, and pressure on the
venous system. In addition, there is a systemic response, result-
ing in a delicate interplay between organ systems mediated by
catecholamines, hormones, and cytokines.

Characterized by a tense, distended abdomen, elevated
IAPs, decreased cardiac output, inadequate ventilation with
elevated peak airway pressures, hypoxia and hypercarbia, and
renal dysfunction, ACS can affect all organ systems, with most
of the literature focusing on the cardiac, pulmonary, and renal
effects.

Cardiovascular
IAH causes elevation of the diaphragm, resulting in direct com-
pression of the heart, reducing both ventricular compliance and
contractility. IAH also reduces venous return by functionally
obstructing inferior vena caval blood flow within the abdomen.
As IAP increases, systemic vascular resistance increases pro-
portionally. The combination of increased systemic vascular
resistance, decreased venous return, and reduced cardiac com-
pliance and contractility leads to a fall in cardiac output. Barnes
et al. demonstrated a 36% reduction in cardiac output and
stroke volume after IAP increased from 0 to 40 mmHg in anes-
thetized dogs.

Potent inhalation anesthetics and intravascular volume
depletion accentuate the deleterious hemodynamic effects of
increased IAP. In the setting of IAH, the addition of 1 mini-
mum alveolar concentration of halothane anesthesia in hypo-
volemic dogs led to a greater decrease in cardiac output
than hypovolemia or halothane anesthesia alone. Anesthetic
gases have differing effects on specific organ perfusion, which
might precipitate further end-organ damage in ACS. Enflu-
rane has been shown to cause a decrease in splanchnic perfu-
sion,whereas isofluranemaintains splanchnic perfusion despite
similar decreases in cardiac output. Whether this difference in
splanchnic perfusion is relevant in the setting of an increased
IAP has not been studied.

Pulmonary capillary wedge pressure and central venous
pressure typically increase with rising IAP, despite decreased
venous return and cardiac output. These elevated pressures
are not reflective of true intravascular volume status and are
present despite apparent hypovolemia. Hypovolemic patients
have shown a reduction in cardiac output at lower levels of IAH
than normovolemic patients. Hypervolemia tends to result in
increased venous return in the setting of IAH. However, a ret-
rospective analysis of 156 patients from a prospective database
of trauma patients receiving supranormal resuscitation
(oxygen delivery index≥ 600ml/min/m2) versus normal resus-
citation (oxygen delivery index ≥ 500 ml/min/m2) demon-
strated increased incidence of IAH,ACS,multiple organ failure,
and death in patients receiving supranormal resuscitation. In
a small prospective study of burn patients, the volume of fluid
required to cause IAH (defined as an IAP � 25 mm Hg) varied
from 9 to 35 L, with amean of 25 L. Excessive fluid resuscitation
thus is an important risk factor for the development of ACS.

Pulmonary
IAP is transmitted to the thorax via the elevated hemidi-
aphragm, resulting in extrinsic compression of the pulmonary
parenchyma and progression of pulmonary dysfunction.
Extrinsic compression leads to atelectasis, edema, decreased
oxygen transport, increased intrapulmonary shunt fraction,
and increased alveolar dead space. Pleural pressure increases
proportionately to abdominal pressure.This increase in pleural
pressure leads to the artificially elevated central venous and
pulmonary capillary wedge pressure found in IAH, similar
to those found with the use of high levels of positive end-
expiratory pressure (PEEP), or the development of auto-PEEP
in mechanically ventilated patients.

In addition to the direct effects of increased IAP, oxygena-
tion and ventilation are further compromised as a result of
the volume of resuscitation and capillary leakage, worsening
pulmonary compliance, systemic inflammatory response, and
acute lung injury. In a prospective study of 38 burn patients,
IAH was associated with an increase in serum levels of plasma
interleukin (IL)-8 and higher lung injury severity score. In addi-
tion, an increase in the incidence of pulmonary infections has
been described in association with ACS.
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The pulmonary dysfunction associated with IAH may
present as intractable hypercarbia, hypoxia requiring increas-
ing levels of PEEP, increased peak inspiratory pressures, and
progressively greater mean airway pressure requirements to
achieve adequate tidal volume. If driving pressures are suffi-
ciently high, significant amounts of set tidal volumemay be lost
from the distention of the ventilator circuit tubing itself.

Most authors note rapid improvement in pulmonary
parameters after abdominal decompression. Burch et al. and
Morris et al. documented that peak airway pressures in excess of
80 cm H2O returned nearly to normal after abdominal decom-
pression.Meldrum et al. noted significant improvement in both
static compliance and PaO2/fraction of inspired oxygen content
(FiO2) following abdominal decompression in patients with
ACS. In burn patients with IAH, Oda et al. showed there was
improvement in peak inspiratory pressure and PaO2/FiO2 ratio
immediately after abdominal decompression. However, lung
injury severity and sequential organ failure assessment score
continued to increase significantly for 48 hours after abdomi-
nal decompression when compared with similar burn patients
without IAH.Thiswas also associatedwith a similar rise in IL-8,
implicating a systemic inflammatory response to IAH that once
initiated, persists beyond abdominal decompression.

Renal
Oliguria has beendescribedwith IAPas lowas 15mmHg.Renal
dysfunction in ACS is mediated directly by increased venous
resistance, resulting in impaired venous drainage, as well as by
arterial vasoconstriction mediated by the sympathetic nervous
and rennin–angiotensin systems secondary to the fall in car-
diac output. This results in decreased renal perfusion as IAP
increases. Renal impairment from ACS results in progressive
reduction in glomerular perfusion and urine output. Harman
et al. infused tritiated para-aminohippuric acid and carbon-14
inulin into anesthetized dogs and showed that IAP of 20 mm
Hg leads to a decrease in glomerular filtration rate to 21% of
baseline and a decrease in renal blood flow to 23% of baseline.
A further increase in IAP to 40 mmHg reduced glomerular fil-
tration and renal blood flow to 7% of baseline in four of seven
dogs and to unmeasurable levels in the remaining three dogs.
Placement of ureteral stents did not improve renal function.The
authors further demonstrated that correction of cardiac output
alone does not reverse the renal dysfunction in ACS.

Renin, aldosterone, and antidiuretic hormone levels rise to
more than twice baseline, further exacerbating renal hypoper-
fusion. As in other instances of hypoperfusion of the kidney,
decreased urine sodium and chloride will be evident. The pri-
mary mechanism of renal dysfunction is believed to be direct
compression of the renal vein, rather than compression of the
parenchyma itself. By relieving IAP through abdominal decom-
pression, renal vein compression is reversed and renal function
often returns to normal, provided the diagnosis is made and
decompression is performed before renal hypoperfusion has led
to acute tubular necrosis.

Gut mucosal acidosis
Bowel edema 

? Free oxygen radicals
Distant organ damage

Hepatic ischemia

Coagulopathy
Hypothermia

Acidosis

Intra-abdominal
bleeding

Splanchnic hypoperfusion

unrelieved

ACS

IAH

Figure 172.4. The vicious circle of events created by IAH on splanchnic
circulation. Unrelieved, IAH will lead to ACS. (Reproduced with permission
from Ivatury RR, Diebel L, Porter JM, Simon RJ. Intra-abdominal hypertension
and the abdominal compartment syndrome. Surg Clin North Am 1997; 77:
783).

Gastrointestinal
Changes in mesenteric blood flow are noted with an IAP as low
as 10 mmHg. Decreased intestinal mucosal perfusion has been
demonstrated with an IAP of 20 mm Hg. These changes are
independent of the decrease in cardiac output. Hypoperfusion
of the intestine as a result of IAH has been proposed as a mech-
anism for the loss of the mucosal barrier and subsequent bac-
terial translocation, which may lead to sepsis and multiple sys-
tem organ failure. This is supported by the findings of Bargiulo
et al. that bacterial translocation to mesenteric lymph nodes
may occur in the setting of hemorrhage at an IAP of 10 mm
Hg. As with other organ systems, the negative effects of IAH on
mesenteric perfusion are exacerbated by the presence of hypo-
volemia or hemorrhage.

The thin-walled mesenteric veins are easily compressed in
the setting of IAH, leading to venous hypertension and intesti-
nal edema. As illustrated in Fig. 172.4, visceral swelling further
increases IAH, initiating a vicious cycle of worsening hypo-
perfusion, bowel ischemia, decreased intramucosal pH, and lac-
tic acidosis. Furthermore, the ability of the liver to clear lactic
acid is impaired, leading to delayed clearance of lactic acid, even
in the setting of otherwise adequate resuscitation. This cycle of
increased production of lactic acid and decreased clearancemay
lead to refractory metabolic acidosis, despite adequate resus-
citation. Elevated lactate and increased base deficit are mark-
ers for increased mortality in intensive care unit patients, and
normalization of serum lactate has been shown to correlate
with survival. Attempts to correct the acidosis associated with
ACS by aggressive fluid resuscitation alone, however, may lead
to supranormal resuscitation, which further worsens the end-
organ damage in ACS.

Central nervous system
IAH has been shown to cause elevated intracranial pressure
(ICP) and decreased cerebral perfusion pressure (CPP) in
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animals. These findings were confirmed by Karakoulas et al.,
who also showed that bacterial lipopolysaccharide-induced
endotoxemia in a swine model with IAH resulted in further
reduction of CPP without a change in ICP. Ertel et al. reported
two patients with multiple injuries in whom ACS caused a crit-
ical increase in ICP, which markedly dropped after abdom-
inal decompression. Further demonstrating the relationship
between IAP and ICP, Joseph et al. presented a series of 17
patients with severe brain injury and refractory intracranial
hypertension, but no evidence of ACS, and only mildly elevated
IAP.The authors noted that ICP significantly decreased in every
patient after abdominal decompression.

The precise mechanism of the effect of increased IAP on
ICP is not clear; however, it is suggested that the elevated cen-
tral venous pressure due to IAH interferes with venous drainage
fromcerebral venous outflow.Decreased cardiac output and ris-
ing ICP will result in decreased CPP.

Beyond the individual organ systems, an interrelationship
between the different compartments of the body exists. IAH
elevates the hemidiaphragms, causing respiratory failure. Ven-
tilatorymaneuvers used to treat respiratory failuremay increase
intrathoracic pressure, limiting venous return and worsening
cardiac output. ICP is increased as a result of limited venous
return, leading to catecholamine surges that reduce renal blood
flow. Fluid therapy used to treat falling cardiac output wors-
ens pulmonary compliance and increases visceral edema, thus
increasing IAP. Without definitive treatment, this spiral con-
tinues unrelenting toward death. This interaction of increasing
pressure within various compartments led Scalea et al. to term
the processmultiple compartment syndrome.

Management
Paramount in themanagement of ACS is prevention. Intraoper-
ative communication between the surgeon and anesthesiologist
is critical. At the time of abdominal closure, the anesthesiologist
may identify increasing ventilatory pressures, falling tidal vol-
umes, or changes in oxygenation, indicating IAH. Similarly, any
fall in blood pressure, cardiac output, or urine output abruptly
after abdominal closure should be communicated to members
of the surgical team.

As bleeding increases the risk and consequences of IAH,
every attempt should be made to obtain meticulous hemosta-
sis at the time of the original procedure. To avoid IAH and
ACS, forceful closure of the abdomen in patients at risk for
developing IAH should be avoided. Several methods have
been described for the deliberate avoidance of primary clo-
sure of the abdominal fascia. The most common and cost-
effective is the Bogotá bag, which involves suturing an opened
3-L genitourinary bag to the abdominal fascia. Other mate-
rials have been used, including polyglactin (Vicryl; Ethicon,
Somerville, NJ) mesh. More recently, temporary abdominal
closure with a vacuum pack technique has been described.
This consists of a thin plastic sheet, a sterile towel, closed
suction drains, and a large adherent operative drape. All

Table 172.2. Relative indications for IAP monitoring

Sepsis/systemic inflammatory response/ischemia reperfusion
� Sepsis and resuscitation with > 6 L of crystalloid/colloid or > 4 U of

blood in 8 h
� Pancreatitis
� Peritonitis
� Ileus/bowel obstruction
� Mesenteric ischemia/necrosis
Visceral compression/reduction
� Large ascites/peritoneal dialysis
� Retroperitoneal/abdominal wall bleeding
� Large abdominal tumor
� Laparotomy closed under tension
� Gastroschisis/omphalocele
Postsurgical
� Intraoperative fluid balance > 6 L
� Abdominal aortic aneurysm repair
Trauma
� Shock requiring resuscitation (ischemia-reperfusion)
� Damage control laparotomy
� Multiple trauma with or without abdominal trauma requiring

resuscitation with > 6 L of crystalloid/colloid or > 4 U of blood in 8 h
� Major burns

temporary abdominal closures are designed to allow expansion
of the abdominal contents without significantly increasing IAP,
while conserving heat, reducing fluid loss, and bridging fascial
edges.

Appropriate fluid management in patients with IAH is crit-
ical to avoid contributing to IAH and pulmonary dysfunction.
As previously noted, supranormal trauma resuscitation is asso-
ciated with an increased incidence of IAH, ACS, multiple organ
failure, and death. Resuscitation to normovolemia should be
the goal. Several small studies in burn patients have shown a
lower incidence of IAH in patients resuscitated with colloid
and hypertonic lactated saline than in those receiving isotonic
crystalloid; however, neither study was adequately powered to
demonstrate any benefit in survival. A meta-analysis has sug-
gested that giving albumin to critically ill patients for treatment
of hypovolemia or hypoalbuminemia increases mortality. The
Saline versus Albumin Fluid Evaluation Study (SAFE) found no
advantage of colloid over crystalloid resuscitation in critically ill
patients.

Patients at risk for IAH must be identified early and mon-
itored frequently. Repeated measurement of bladder pressure
at frequent intervals is critical in the management of IAH.
The level at which IAH causes ACS is not known. Patients do
not respond uniformly to the same levels of IAH. The detri-
mental effects of IAH occur before the clinical manifestations
of ACS are observed. Abdominal decompression is the only
treatment that reverses the physiologic derangements of ACS
(Table 172.2).

There is no consensus on the appropriate timing of inter-
vention in the patient with significant IAH but without overt
signs of ACS. Some authors recommend surgical intervention
based on IAH alone. Ivatury et al. recommend intervention for
persistent IAP � 20 to 25 cm H2O (14.7–18.3 mm Hg). Others
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favor interpreting the absolute pressure in light of end-organ
dysfunction, and using the IAP only as supportive data. Burch
et al. found that most patients with IAP � 25 cm H2O (18.3
mmHg) and all patients with IAP � 35 cm H2O (25.7 mmHg)
require surgical intervention.

Chatham et al. demonstrated that abdominal perfusion
pressure, defined as mean arterial pressure (MAP) minus IAP,
is a useful resuscitation end point in patients with IAH or ACS.
In their retrospective study, the inability tomaintain an abdom-
inal perfusion pressure � 50 mm Hg predicted mortality with
greater sensitivity and specificity than IAP or MAP alone.

Definitive management of IAH and ACS involves opera-
tive decompression of the abdomen (decompressive laparo-
tomy) andmaintenance of the open abdomen with a temporary
abdominal closure, as previously described. Abdominal decom-
pression leads to rapid improvement in cardiac output and pul-
monary and renal function.

Suspicion of IAH mandates early surgical consultation,
as rapid deterioration is likely and surgical decompression
remains the standard of treatment. Paracentesis has been shown
to be beneficial in the case of burn patients with IAH. Reed et al.
described the benefits in placing of an intra-abdominal catheter
in burn patients with elevated bladder pressures to facilitate
fluid removal as a first step in the early management of ACS
in that population. These techniques have been described only
in small trials with specific populations, and are not standard
of care.

Recurrent ACS and a progressive increase in IAP in the
trauma patient with an open abdomen often signify ongo-
ing bleeding within the abdominal cavity. Bleeding may be
the result of coagulopathy, ineffective packing, and/or failure
to control all surgical bleeding. Prompt reexploration of any
patient with rising IAP despite an open abdomen facilitates
removal of blood and clots, allows reassessment of packed areas,
identifies surgical bleeding, and allows assessment of the bowel’s
viability. The temporary abdominal closure simplifies reexplo-
ration by allowing entry via cutting through the mesh or plastic
closure and suturing the cut ends together at the end of the pro-
cedure. The surgeon may choose to perform this procedure in
the operating room or the surgical intensive care unit.

Nutritional support in the trauma patient can prevent
acute calorie malnutrition, modulate the immune response,
and promote gastrointestinal structure and function. The open
abdomenpresents specific challengeswith respect to nutritional
support. Patientswith an open abdomen suffer an increased loss
of nitrogen/protein, leading to increased nutritional require-
ments. Nutritional studies in critical care have demonstrated
that an increase inmorbidity andmortality occurs once a deficit
of approximately 10,000 calories occurs. Early enteral feed-
ings have been shown to improve outcomes in trauma patients.
Although it is possible that those with an open abdomen may
not tolerate enteral feeds because of poor hemodynamics or
ileus, there is no literature to support withholding enteral feed-
ing. Although there are no prospective studies of the safety or
efficacy of enteral feeding in patients with an open abdomen,

several retrospective analyses have shown potential benefit.
Recently, Collier et al. reviewed 78 trauma patients with open
abdomens who received enteral feeds either within the first 4
days or after more than 4 days of admission and found that the
early enteral feeding group had earlier abdominal closure and
lower rates of fistulae.

The remaining challenge then becomes definitive closure of
the abdomen in the successfully resuscitated patient. Closure
should be delayed until conditions are optimal. There should
be complete resuscitation, no systemic or tissue acidosis, and
no organ dysfunction. The lateral tractive forces of the broad,
flat muscles of the abdominal wall preclude primary closure of
the fascia in many instances. In patients who cannot undergo
a definitive procedure, temporary coverage may involve closure
of skin or skin grafting with a planned ventral hernia repair at
a later date.

Summary
ACS is a clinical syndrome of multiple organ dysfunction that
results from progressive uncontrolled IAH. It is characterized
by a tense, distended abdomen; elevated IAP; decreased cardiac
output; inadequate ventilation with elevated peak airway
pressures; hypoxia and hypercarbia; and renal dysfunction.The
deleterious effects of ACS result not only from hydrostatic pres-
sure, but also from the systemic effects of catecholamines, hor-
mones, and cytokines. An interrelationship among the different
compartments of the body subjected to increasing pressure
results in rapid progressive deterioration. Without definitive
treatment, this spiral continues unrelenting toward death.

ACS should be anticipated and prevented whenever possi-
ble by meticulous surgical hemostasis, deliberate avoidance of
closure of the abdominal fascia, and judicious fluid administra-
tion. The patient at risk for IAH requires frequent monitoring
of IAP, most commonly performed by measurement of bladder
pressures. Bladder pressure � 12 mmHg signifies IAH; a blad-
der pressure � 20 mm Hg in the presence of organ dysfunc-
tion has been defined as ACS. The standard of treatment for
ACS is immediate decompressive laparotomy and placement of
a tension-free temporary abdominal closure.

The patient with an open abdomen requires special consid-
erations for increased fluid loss, nutritional support, and pre-
vention of wound complications. Definitive closure of the open
abdomenmay be performed during the initial admission by pri-
mary fascial closure, fascial closure by component separation,
or serial abdominal closure. If autologous fascial closure is not
possible, closure with prosthetic mesh and skin grafting may
be performed. Morbidity from wound complications remains
high.
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Chapter

173 Carbonmonoxide and cyanide poisoning
Samuel Park and Hugh L. Flanagan Jr.

Carbon monoxide (CO) poisoning remains the most common
cause of death by poisoning in the United States. The Centers
for Disease Control and Prevention (CDC) recently sponsored
a study that identified approximately 15,000 emergency depart-
ment visits in the United States annually and 500 deaths from
unintentional nonfire-related CO exposures.

Cyanide occurs naturally in wool, nylon, and various seeds
and plants. Products such as glue removers and plastics con-
tain cyanide. Poisoning can occur through inhalation of hydro-
gen cyanide in a dwelling fire involving combustion of synthetic
cyanide-containing products.There is also concern that cyanide
might be used in a terrorist attack.

Carbonmonoxide
CO is a colorless, odorless, poisonous gas. Exogenous sources of
CO include incomplete combustion of carbon-based fuels such
as oil, natural gas, wood, kerosene, or gasoline. Poisoning can
occurwith exposure to smoke in a dwelling fire or to automobile
exhaust. A 10-year review of unintentional CO poisonings in
the United States revealed that automobile exhaust caused 57%
of the deaths with 83% of these deaths associated with station-
ary automobiles. Fuel-burning appliances (gas heaters, genera-
tors, furnaces, and motor vehicles) common in homes or work
environments can cause CO exposure and poisoning.

During general anesthesia, patients may be exposed to CO
when inhalation anesthetics react chemically with certain car-
bon dioxide (CO2) absorbents used in the anesthesia machine
breathing circuit. Endogenous CO can also be produced by the
breakdown of methylene chloride, a halogenated hydrocarbon,
which can be inhaled from the vapors of paint thinner, super
glues, or spray paint. In humans, methylene chloride is metab-
olized 25% to 34% to CO and 70% to CO2. The enzyme heme-
oxygenase (HO) produces endogenous COwhile enzymatically
degrading hemoglobin (Hb) to free iron, CO, and biliverdin. An
inducible form of HO has been identified. It is felt by some that
CO may function as an endogenous mediator and may play a
regulatory role in certain pathologic conditions.

Pathophysiology
CO produces tissue hypoxia by impairing oxygen transport and
interfering with cytochrome oxidase function, causing cellular

hypoxia. Absorbed rapidly via the lungs, CO binds avidly to
Hb, forming carboxyhemoglobin (COHb) with an affinitymore
than 200 times greater than that of oxygen.The tight binding of
CO to Hb decreases the affinity and binding of oxygen to Hb,
resulting in a leftward shift of the oxygen–hemoglobin dissoci-
ation curve (Fig. 173.1).

There is a reduction of oxygen transport by CO-bound Hb
and a subsequent decreased release of oxygen to tissues. CO
binds to mitochondrial cytochrome oxidase and interferes with
mitochondrial function, uncouples oxidative phosphorylation,
decreases adenosine triphosphate (ATP) production, and ulti-
mately reduces cellular respiration.The net effects are profound
tissue hypoxia, anaerobic metabolism, and lactic acidosis, even
with a normal PaO2. CO also binds to myoglobin and decreases
its oxygen-carrying capacity. Symptoms are nonspecific and
often mimic the common cold (Table 173.1).

Evidence of CO exposure may be difficult to recognize peri-
operatively because the symptoms are difficult to distinguish
from those commonly seen in patients recovering from a viral
upper respiratory tract or even a general anesthesia. One must
maintain a high index of suspicion of CO inhalation in any set-
ting in which there has been a high probability of exposure.
Signs of CO exposure are relatively nonspecific andmay be con-
fused with other common conditions (Table 173.2).
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Figure 173.1. Normal oxyhemoglobin dissociation curve (top: Hb concen-
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Table 173.1. Symptoms of CO exposure

Shortness of breath Headache
Dizziness Confusion
Clumsiness Nausea
Vomiting Diarrhea
Pallor Chest pain

The detrimental cardiac effects are due to the impairment
of oxygen-carrying capacity. In addition, CO is thought to
be a direct myocardial toxin. Cardiac manifestations include
ischemic chest pain, arrhythmias, heart failure, and hypo-
tension.

Respiratorymanifestations include tachypnea in response to
systemic (lactic) acidosis. The carotid bodies respond predom-
inantly to fluctuations in oxygen tension (PaO2) and not over-
all oxygen content. Recall that arterial oxygen content (ml) is
defined by the following equation:

Arterial oxygen content = (1.34 × Hb
× arterial oxygen saturation [SaO2]) + (0.003 × PaO2) (1)

Oxygen content is predominantly determined by the Hb and
SaO2 components of Eqn. 1. Dissolved oxygen (0.003 × PaO2)
ordinarily provides only aminor contribution to overall oxygen
content. Therefore, despite a low overall blood oxygen content
in these patients, PaO2 may be normal unless there has been
a coexisting lung injury or hypoventilation. An erroneously
normal SaO2 on pulse oximetry will occur because COHb is
misinterpreted as oxyhemoglobin. The true SaO2 is in fact
lower, however, and is accuratelymeasured on arterial blood gas
(ABG) tests by a co-oximeter.

Renal dysfunction may occur due to secondary myonecro-
sis and attendant elevated creatine phosphokinase/lactate
dehydrogenase (CPK/LDH) and myoglobinuria. Skin manifes-
tations can include a characteristic “cherry red” blood color,
which occurs whenCOHb levels exceed 40%. Skin color ismore
commonly affected by hypoxia and results in pallor/cyanosis.
Diagnosis is confirmed by obtaining blood levels of COHb
using a co-oximeter. Higher concentrations of CO produce the
more severe symptoms listed in Table 173.3.

Table 173.2. Signs and laboratory findings of CO exposure

Signs

Tachypnea Syncope
Visual field defects Blindness
Respiratory depression Loss of consciousness
Myoglobinuria Cerebral edema
Renal dysfunction Arrhythmia/ischemia
Congestive heart failure Hypotension
Cyanosis/pallor “Cherry red” blood color

Laboratory findings
Metabolic acidosis Falsely normal SaO2 on pulse oximetry
Normal PaO2 Low SaO2 on co-oximeter (ABGs)
Variable PCO2

Treatment
Tobacco smokers
Patients should be advised to stop smoking for at least 24 to
48 hours preoperatively. The baseline level of COHb in chronic
smokers can be as high as 10%.The level decreases rapidly with
abstinence (4-hour half-life) and eventually causes a normal-
ization of the oxyhemoglobin dissociation curve, manifested as
a shift to the right. Normalization improves oxygen transfer in
the short term but does not address other significant respira-
tory pathologies associated with smoking, such as decreased
mucociliary clearance and airway reactivity, which may require
at least 6 to 8 weeks to normalize.

Fire/burn/industrial exposure
First, the patient’s exposure to CO must be discontinued and
100% oxygen should be administered by nonrebreathing face
mask at 15 L/min. More serious exposures require intubation
to achieve a PO2 greater than 300 mm Hg. Dissociated CO is
excreted through the lungs. Table 173.4 describes the half-lives
as related to treatment with various fractions of inspired oxygen
content (FiO2).

Arterial PO2 of 300 to 400 mm Hg is desired in order to
quickly displace CObound toHb. Endotracheal intubationmay
be advisable and indicated in patients with altered mental sta-
tus and in whom the arterial PO2 has not increased dramat-
ically with administration of 100% oxygen via nonrebreather.
This treatment should continue unless CO poisoning is ruled
out by co-oximetry.

Hyperbaric oxygen
CO also binds intracellularly to cytochromes and myoglobin
interfering with intracellular oxygen transport. Intramitochon-
drial oxygen tension is on the order of 3 to 20 torr. This low
partial pressure is less able to displace intracellular CO. There
is some evidence that hyperbaric oxygen treatment may reduce
cognitive sequelae following CO poisoning. Thom, based on
research by Weaver and colleagues, recommends hyperbaric
oxygen to treat victims of CO poisoning who have a base
excess greater than −2 mmol/L or a CO level greater than
25%. Raphael and colleagues and Isbister and colleagues dis-
pute the study by Weaver and colleagues on methodologic
grounds.

Carbon monoxide exposure from anesthesia
gas breakdown
A decade ago there were anecdotal reports of CO being pro-
duced by chemical reactions involving inhalation anesthetics
in breathing circuits. These reports prompted several inves-
tigations. Fang and colleagues found that, for a given mini-
mum alveolar concentration (MAC) multiple, the amount of
CO produced in the presence of soda lime or Baralyme (Allied
Healthcare/Chemetron, Kinderhook, NY) was greatest in the
presence of desflurane followed in decreasing severity by
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Table 173.3. Clinical findings in CO poisoning

Estimated CO Concentration, ppm COHb, % of total Hb Symptoms

<35 ppm (cigarette smoking) 5 None, or mild headache
0.005% (50 ppm) 10 Slight headache, dyspnea on vigorous exertion
0.01% (100 ppm) 20 Throbbing headache, dyspnea with moderate exertion
0.02% (200 ppm) 30 Severe headache, irritability, fatigue, dimness of vision
0.03%–0.05% (300–500 ppm) 40–50 Headache, tachycardia, confusion, lethargy, collapse
0.08%–0.12% (800–1200 ppm) 60–70 Coma, convulsions
0.19% (1900 ppm) 80 Rapidly fatal

Adapted from Longnecker DE, Brown DL, Newman MF, et al. Anesthesiology. New York: McGraw-Hill; 2008.

enflurane � isoflurane � halothane = sevoflurane. Dry soda
lime or Baralyme (1.4%) produced more CO than absorbents
containing 9.7% or more water – the latter absorbents pro-
duced noCO.This finding suggested that CO productionmight
be higher on Monday mornings if the anesthesia circuit was
flushedwith air or oxygen during the preceding weekend.There
was also a report of a fire in a breathing circuit. The Anesthesia
Patient Safety Foundation (APSF) studied both of these issues
and released a report in 2005.

There is increasing evidence that exposure of volatile anes-
thetics to desiccated carbon dioxide absorbents may result in
exothermic reactions leading to fires in anesthetic breathing cir-
cuits and production of toxic products (e.g. carbon monoxide,
compound A, methanol, formaldehyde). Although fires have
only been reported in association with sevoflurane exposed
to desiccated Baralyme (Allied Healthcare/Chemetron, with-
drawn from the market), there is significant evidence that
potentially toxic products can be produced upon exposure of
volatile anesthetics to other dessicated absorbents containing
strong bases, particularly potassium and sodium hydroxide. In
some cases thismay lead to sub-clinical carbonmonoxide expo-
sure.

The APSF published the following consensus statement:
The APSF recommends use of carbon dioxide absorbents whose composi-
tion is such that exposure to volatile anesthetics does not result in significant
degradation of the volatile anesthetic.

TheAPSF further recommends that there should be an insti-
tutional, hospital, and/or departmental policies regarding steps
to prevent desiccation of the CO2 absorbent should they choose
conventional CO2 absorbents that may degrade volatile anes-
thetics when absorbent desiccation occurs.

Cyanide poisoning
Cyanide occurs in a variety of forms. Hydrogen cyanide (HCN)
can occur as a volatile liquid or flammable colorless gas at room
temperature. Cyanide can also occur as a crystal, such as sodium

Table 173.4. Half-life of CO with O2 therapy

Room air = 4–6 h
100% oxygen = 40–80 min
Hyperbaric oxygen = 15–30 min

cyanide (NaCN) or potassium cyanide (KCN). Cyanide gas has
a faint bitter almond odor detectable at 2 to 10 ppm. The abil-
ity to detect HCN odor is genetically determined (20%–40% of
the population cannot detectHCN).Olfactory fatigue can occur
rapidly.

In the workplace, cyanide is used in the manufacture of
plastics, paper, fabrics, dyes, and pesticides. Inhalation expo-
suremay occur during house or industrial fires where nitrogen-
containing materials such as wool, silk, or plastics are burned.
Cyanide was used as a weapon of mass destruction in World
War II under the name of Zyklon B.

Certain foods, such as cassava, bitter almond, pits of stone
fruits, and lima beans contain cyanide. Eating large quantities
of these foods may lead to cyanide poisoning. Such poisonings
are more common in tropical environments where these foods
represent a larger portion of the diet.

Cyanide is a rapidly acting poisonous asphyxiant that
has a very high affinity for ferric iron in the mitochondrial
cytochrome oxidase.This binding blocks respiration and there-
fore oxidative phosphorylation resulting in the production of
lactic acidosis, high mixed venous oxygen saturation, and cel-
lular death.The oxygen content, SaO2, and carrying capacity of
the blood may be unaffected.

The diagnosis of cyanide poisoning is difficult because
there are no pathognomonic signs. Confirmatory laboratory
tests may take considerable time. Multiple agent poisoning, for
instance, may occur when a victim inhales CO and cyanide
in a closed-space fire where nitrogen-containing substances
are burned. Signs and symptoms of HCN poisoning develop
rapidly. Initially, the victimmay complain of shortness of breath
and chest tightness. Heart rate and blood pressure may be ele-
vated initially. Other nonspecific symptoms include dizziness,
excitement, nausea, vomiting, headache, and weakness. If the
poisoning becomes more severe, obtundation, coma, severe
acidosis, and hypotension ensue. Cyanide levels greater than
0.5 mg/L are considered toxic.

This rapidly acting poisonmust be treated quickly and effec-
tively to avoid central nervous system (CNS) damage and death.
Cyanide is normally detoxified in the body by the action of the
mitochondrial enzyme rhodanese:

Na2S2O3 + CN−Rhodanese � SCN− + Na2SO3 (2)
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Rhodanese converts cyanide into less toxic thiocyanate, which
is excreted by the kidneys. Treatment includes the administra-
tion of 100% oxygen. Although this treatment may not improve
cytochrome function, it will antagonize CO toxicity, whichmay
be simultaneously present in victims of closed-space fires. The
antidotal strategy for cyanide poisoning involves the adminis-
tration of nitrites to convert hemoglobin to methemoglobin.
Cyanide preferentially binds to methemoglobin, converting
methemoglobin into cyanmethemoglobin. Sodium thiosulfate
converts cyanmethemoglobin to the less toxic thiocyanate,
which is then excreted in the urine. Cyanide is avidly bound by
the iron ionmoiety in themethemoglobinmolecule. As a result,
the induced methemoglobin scavenges free cyanide, thus pre-
venting it from complexing with mitochondrial cytochromes.
It is important to keep the methemoglobin level less than 20%
to avoid impairing oxygen delivery.This limit should be lowered
in anemic patients.

Methemoglobin can be induced before intravenous (IV)
access is obtained by having the victim inhale vapors from
crushed amyl nitrite pearls for 15 to 30 seconds with a 30-
second rest between doses. Each pearl lasts approximately 2 to
3 minutes. Inhalation will produce a methemoglobin level of
approximately 5%. When IV access is established, 300 mg of
sodium nitrite (10 ml of a 3% solution) in adults is given over
5 minutes while monitoring for hypotension, to convert addi-
tional Hb to methemoglobin. Sodium nitrite (150 mg) can be
administered again in 2 hours (in adults) if the methemoglobin
level is less than 20%.Methemoglobin levelsmust bemonitored.
Nitrite-induced methemoglobin can be particularly hazardous
to young children because Hb kinetics vary with age. Sodium
thiosulfate (the usual adult dose is 12.5g; 50 ml of a 25% solu-
tion) is also administered IV over 10 to 20minutes as part of the
antidote strategy because thiosulfate acts as a receptor for the
cyanide radical, yielding thiocyanate. One half of this dose may
be repeated in 2 hours if cyanide toxicity persists. Thiocyanate
produced can also be toxic if excretion is limited by renal failure.

In Europe, hydroxocobalamin is used to treat cyanide toxi-
city because the cobalt moiety binds with intracellular cyanide
to form cyanocobalamin (a form of vitamin B12). Recently in
theUnited States, theUS Food andDrugAdministration (FDA)
approved the use of hydroxocobalamin for the treatment of

cyanide toxicity. The most commonly reported adverse reac-
tions were red urine, skin redness, headache, and nausea. This
drug is available in the approved Cyanokit manufactured by
EMD Pharmaceuticals (Durham, NC).
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Chapter

174 Chemical and biologic warfare agents:
an introduction for anesthesiologists
David J. Baker and Michael Nurok

International events have caused renewed interest in the man-
agement of patients exposed to chemical and biologic warfare
(CBW) agents, and it is now crucial that all anesthesiologists
have a basic understanding of this area of medical practice.
Agents with major respiratory effects, including nerve- and
lung-damaging agents and cyanides, are of particular impor-
tance. Many of these agents cause early, life-threatening respi-
ratory failure, and they interfere with the actions of drugs used
in general anesthesia. This chapter provides an introduction to
CBW agents for anesthesiologists.

Definitions and classifications
The definition of a chemical warfare agent is a chemical
substance that is intended for use in military operations to
kill, seriously injure, or otherwise incapacitate humans through
pathophysiologic effects. Biologic warfare agents are defined as
living organisms that are intended to cause disease or death in
humans, animals, or plants. In terms of their pathophysiologic
effects, chemical and biologic agents may be considered part of
a spectrum of hazards with toxins placed between the two.

CBW agents have four essential properties: toxicity, latency,
persistency, and transmissibility. Toxicity and latency are most
relevant in determining the danger to the victim, whereas per-
sistency and transmissibility are primary determinants of the
danger to rescuers. Different agents have different levels of
toxicity, and their toxic effects appear with variable latency.
Persistency refers to the ability of an agent to remain in the envi-
ronment after it has been released, and transmissibility refers
to the ability to transfer effects to other individuals by either
physical contact or contagion. Chemical agents tend to have a
short latency and variable persistency, whereas biologic agents
tend to have a longer latency and limited persistency. The pro-
file of these four essential properties for each CBW agent deter-
mines the strategy formanaging CBWcasualties and protecting
responders.

Although nuclear agents have the potential to be used in
terrorist attacks, nuclear devices cause large-scale loss of life
and should be more appropriately grouped with conventional
weapons systems that cause mass destruction. The explosive
release of a radioisotope to cause injury and contamination (the
dirty bomb) is managed in a similar way to that of chemical
agents.

CBW agents have inappropriately been referred to as
weapons of mass destruction. Medically, this is an inaccurate
characterization because CBW agents cause mass injury rather
than physical destruction. Early and effective emergency med-
ical management can break the link between mass injury and
mass loss of life.

The United Nations International Hazardous Materials
(HAZMAT) system classifies and controls toxic industrial
chemicals and provides guidance for the management of acci-
dental chemical releases. The accidental release of HAZMAT
material can cause mass injury and may represent a more com-
mon clinical scenario than the deliberate release of chemical
agents.

Principles of incident management
and patient care
Anesthesiologists confronted with potential CBW release must
be prepared to adopt an approach that protects both responders
and patients. Drills should be conducted regularly with other
hospital departments and emergency agencies, and anesthesiol-
ogists should be familiar with local disaster planning, including
the command structure. Protection of emergency responders is
essential to avoid further casualties and the transmission of con-
tamination into the hospital, so responders must enact an all
hazards approach encompassing the ability to respond to mul-
tiple potential agents unless the causative agent is known with
absolute certainty. Incidentmanagement should involve the fol-
lowing key elements:
� Reliance on preexisting communication and command

plans,
� Use of appropriate personal protection by all responders,
� Early notification of all relevant personnel and agencies,
� Identification and isolation of the involved area,
� Positioning the response effort away from contaminants,
� Effective scene control,
� Isolation of casualties,
� Integrated reporting of information, and
� Decontamination and care of victims – initially by

removing clothing and washing and rinsing skin with soap
and water.
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Figure 174.1. An anesthesiologist of the Paris emergency medical service
wearing Level C protective equipment with a filtration respirator. Anesthesiol-
ogists are trained and equipped to work inside contaminated zones in France.
(Photograph courtesy of SAMU de Paris.)

Critically injured patients may require advanced life sup-
port from responders in protective gear prior to decontami-
nation. Emergency teams with special training and equipment
now operate in a number of countries.

CBW release should be suspected if unusual odors or clouds
are observed, if large numbers of casualties present with either
similar symptoms or from the same area, or if multiple dead
or sick animals are reported near the scene. Other features of
CBW release include large numbers of otherwise healthy peo-
ple suddenly becoming sick ormultiple patients presentingwith
neuromuscular illness, weakness, diarrhea, vomiting, and other
unusual symptoms. It is important to recognize that mobile
patients may have contaminated large geographic areas and
other patients prior to being identified. In such situations it is
imperative to trace and isolate previous contacts.

There are different levels of personal protection equipment
for responders. Level A is the most rigorous protection and
includes a positive-pressure, self-contained breathing apparatus

Table 174.1. The TOXALS system for provision of advanced life support
in a contaminated zone

Assessment (patient and site)
Airway
Breathing IPPV (intermittent positive pressure ventilation)
Circulation – control of hemorrhage and cardiac abnormalities
Disability (AVPU scale – patient Alert or reacts to Vocal or Painful stimuli or

is Unreactive)
Drugs and antidotes
Decontamination
Evacuation

in an impermeable airtight suit. This level of protection is usu-
ally worn by firefighters facing high levels of contamination.
Level B equipment provides a similar level of respiratory pro-
tection compared to Level A, but less skin protection. Level D
equipment usually consists of regular barrier and respiratory
protection incorporated into working clothes. Level C equip-
ment is the most appropriate for medical personnel when the
substance is known, concentrations are measured, and working
conditions are identified. Level C provides a good compromise
between dexterity and patient access. It includes an air filtration
respirator and a chemical-resistant suit, gloves, and boots (Fig.
174.1).

The first step in managing a CBW event is detection and
identification of the hazard. Detection and monitoring devices
are not widely available for civilians, although local agencies are
increasingly acquiring such equipment. The detection, identi-
fication, and monitoring of chemical hazards are usually the
responsibility of fire departments. A toxidrome, or list of signs
and symptoms of contaminated victims, will provide valuable
clues to early agent identification. These clues should be com-
municated to local toxicologists or poison control centers as
part of a flash initial assessment. In accidental releases, the agent
is generallymore easily identified from the hazard identification
numbers displayed on tankers or storage facilities (Fig. 174.2).

Initial management should involve triage and use of the
advanced life support for acute toxic injury (TOXALS) system
introduced by the International TraumaAnesthesia andCritical
Care Society (see Table 174.1).This system includes assessment

Figure 174.2. Hazard identification plate. The form
of these plates varies among countries and contains
information about the agent in question.
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and management of the airway, breathing (ensuring filtration
of entrained air), circulation, and disability; administration of
drugs; management of exposure of the casualty; and control of
the environment. Initial casualty management in the contam-
inated zone must be done by personnel trained to function in
protective gear.

Most principles of basic airway management remain the
same, but the skills of the rescuer may be impaired by pro-
tective gear. The laryngeal mask airway is frequently used by
responders who have a loss of manual dexterity due to protec-
tive suits and gloves. After the airway is secured, supplemen-
tal oxygen and ventilation should be available as many CBW
agents cause respiratory depression and failure. If artificial ven-
tilation is used in a contaminated environment, entrained air
must be filtered. To assess and address circulation, noninva-
sivemonitoring should be provided for all casualties in addition
to intraosseous access, which may be more easily achieved in
a contaminated zone than the conventional intravenous route.
Disability should be frequently assessed and recorded using
the simple AVPU system (patient Alert or reacts to Vocal or
Painful stimuli or is Unreactive). In a contaminated zone, this
system is more suitable for use than is the Glasgow Coma Scale,
which should be used after decontamination. Drugs adminis-
tered during the event should be recorded in an easily identifi-
able location either on or attached to patients. Casualties should
be completely exposed so that responders may perform a com-
plete injury assessment and thoroughly remove all contaminat-
ing agents.

In large-scale disasters, mass ventilation may be required. A
number of simple devices are available (Fig. 174.3); anesthesi-
ologists should be involved in their procurement and should be
familiar with their function.

During an event requiring mass ventilation, operating con-
ditions and patientmonitoring are likely to be suboptimal; these
considerationsmust be taken into account in selecting strategies
formass ventilation.A simple, standardized approach should be

Figure 174.3. A Pneupac VR1 emergency ventilator with a chemical,
biologic, radiologic, and nuclear circuit for use in a contaminated zone.
(Photograph courtesy of Smiths Medical International Ltd, United Kingdom.)

selected, ideally using equipment that is familiar, interchange-
able, compatible, and widely available in a given region.

Agents, pathophysiology, and treatment
Various agents may be involved in CBW and can be classified as
nerve agents, vesicants, lung-damaging agents, mitochondrial
agents (cyanides), toxins, bacteria, or viruses. Comprehensive
reviews of these agents are available elsewhere. The following
sections are intended as a brief overview with a focus on agents
for which anesthesiologists will be required to provide early
treatment. Treatment recommendations change frequently, and
clinicians should consult government regulatory agencies for
the most recent recommendations.

Nerve agents
Nerve agents are organophosphate compounds, the same chem-
ical class to which many pesticides belong. The least persistent
agents, such as sarin, are usually inhaled, whereas more persis-
tent agents, such as VX, pose a greater risk of transmissibility
because they remain on skin and clothing.

Organophosphates produce their primary toxic effect by
inhibiting acetylcholinesterase. They also inhibit butyryl-
cholinesterase, providing a convenient marker of exposure, and
they may create a neuropathy through the inhibition of neu-
rotoxic esterase. Cholinesterase inhibition produces a buildup
of acetyl and butyryl choline. Muscarinic effects include mio-
sis, ciliary body spasm, glandular hypersecretion, sweating,
bradycardia, heart block, bronchoconstriction, vomiting, and
diarrhea. Nicotinic peripheral effects include fasciculation,
paralysis, and anomalous tachycardia due to ganglionic stimu-
lation in the sympathetic system. Central effects include appre-
hension, dizziness, amnesia, seizures, coma, and respiratory
depression. Nerve agents also have effects on other recep-
tor systems, including � -aminobutyric acid (GABA) and
N-methyl-d-aspartate (NMDA). The time necessary for irre-
versible binding of nerve agents to acetylcholinesterase depends
on the particular agent.

Primary treatment of organophosphate poisoning should
involve the provision of life support and symptomatic manage-
ment. Specific treatments include atropine, which antagonizes
acetylcholine at the muscarinic synapses. Atropine should be
given every 5 to 10 minutes until the heart rate rises above
80 bpm and the pupils dilate. Oximes can reverse the action
of organophosphates at the nicotinic receptor, but their effi-
cacy depends on the particular organophosphate and duration
of exposure. The most appropriate oxime for the civilian set-
ting is pralidoxime mesylate, which should be given simulta-
neously with atropine and slowly (over 20 minutes) to prevent
laryngospasm, rigidity, and hypertension. Cerebral convulsions
due to the central actions of organophosphates on M2 recep-
tors must be treated with benzodiazepines. Atropine, oxime,
and lysine diazepam may be combined into a single automatic
syringe that can be used to deliver an emergency intramuscular
injection of the drugs at the point of exposure.
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Pyridostigmine is a dimethyl carbamate compound with
a quaternary nitrogen atom that prevents it from crossing
the blood–brain barrier. Pyridostigmine has an action simi-
lar to that of organophosphates, is reversible, and produces
only a mild parasympathetic response. These features make the
agent useful for pretreatment by binding approximately 40%
of acetylcholinesterase, yielding it resistant to further attack
by organophosphate. The complexed enzyme returns to 90%
of normal within 12 hours of a dose. Victims of high-level
organophosphate exposure may require life support during the
window of time that it takes for pyridostigmine-bound acetyl-
cholinesterase levels to return to normal, as large quantities
of organophosphate will complex with any acetylcholinesterase
not bound to pyridostigmine and thus will cause an acute
cholinergic syndrome with depolarizing block.

It is important to note that the metabolism of succinyl-
choline will be inhibited in patients who have been pretreated
with pyridostigmine. Patients may also exhibit resistance to
nondepolarizing neuromuscular blocking agents.

Mitochondrial (or blood) agents
Hydrogen cyanide is a chemical agent that inactivates
cytochrome oxidase, thereby inhibiting the production of
adenosine triphosphate (ATP). Exposed patients report a smell
of almonds and a metallic taste that precedes dyspnea and
hyperventilation, which further increases the absorbed dose.
Loss of consciousness, convulsions, and respiratory arrest
ensue.

Antidotes to cyanide poisoning work by removing free
cyanide. Sodium and amyl nitrite induce the formation of
methemoglobin, which has a high affinity for cyanide. Hydro-
gen cyanide is naturally broken down by rhodanese into non-
toxic thiocyanate, a process that can be accelerated by giving
sodium thiosulfate. Finally, hydroxycobalamin, a cobalt-
containing precursor of vitamin B12, can be given to chelate
free cyanide. In most cases, methemoglobin inducers or
hydroxycobalamin should be given before sodium thiosulfate.
Glucose should be given with these treatments to address the
toxicity caused by cobalt ions. Finally, mechanical ventilation
with 100% oxygen should be used because it is now believed to
enhance the effect of cyanide antidotes. Given the complexity
of cyanide poisoning, the reader is encouraged to consult a
toxicologist for a comprehensive treatment strategy.

Only a few of the toxins produced by bacterial organ-
isms are likely to be encountered in disasters or chemical war-
fare. Botulinum toxin is produced by the bacteria Clostridium
botulinum. It permanently blocks the release of acetylcholine
and is highly potent. Symptoms include a dry mouth, progres-
sive bulbar palsy, and ocular signs followed by descendingmus-
cular weakness and respiratory failure. An antitoxin exists, but
its efficacy is uncertain. Treatment is based on ventilatory sup-
port combined with specific antitoxin administration.

Ricin is produced by the seeds of the castor bean plant,
and the ease with which it can be extracted makes it a
likely candidate for terrorist use. There is a significant latent

period after exposure, followed by signs and symptoms consis-
tent with the inhibition of protein synthesis. These symptoms
include diarrhea, drowsiness, confusion, convulsions, coma,
cardiorespiratory collapse, andmultiorgan failure. Treatment is
supportive.

Saxitoxin is a marine toxin that acts directly on motor neu-
rons. It can be inhaled, and it blocks voltage-gated sodium
channels, causing cardiorespiratory failure and neurologic
symptoms. Treatment is supportive and includes mechanical
ventilation.

Lung-damaging agents
Lung-damaging agents cause irritant effects on upper and
lower airways. They interact with various cells in the respira-
tory system, including type I and II pneumocytes and alveo-
lar macrophages. The inflammatory cascade that they induce
results in pulmonary edema after a latent period of 12 to
24 hours and subsequent acute respiratory distress syndrome.
Agents include chlorine, phosgene, and isocyanates.

There is no specific treatment for lung-damaging agents,
but experience from World War I mandates that all potentially
exposed victims be observed for at least 24 hours.The likelihood
of acute respiratory distress syndromemakes protective ventila-
tion strategies in intensive care units desirable for persons who
have been exposed.

There is controversy about the use of steroids fol-
lowing an exposure to lung-damaging agents. Cyclic
adenosine monophosphate (cAMP) diesterase inhibitors
and �-adrenergic agents have theoretical value by virtue
of the fact that they increase levels of cAMP. In addition,
some experts believe that agents that increase intracellular
glutathione (namely, N-acetylcysteine) may be useful.

Vesicants
The best known vesicant is mustard gas. It has a latency of 2 to
4 hours, and initial symptoms include blurred vision, ocular
pain, and lacrimation. These symptoms are followed by ery-
thema and edema of exposed skin that progress to first-degree
burns, bullae, and necrosis.

Respiratory effects are initially limited to dry cough and
hoarseness but may go on to produce bronchiolitis that is of
variable severity, potentially requiring ventilation. Leukopenia
is also evident several days following exposure.

There is no specific treatment formustard gas exposure, and
decontamination during the latent period is essential. Early res-
piratory support and intubation are advised, and there is some
evidence to support using a combination of sodium thiosulfate,
vitamin E, and dexamethasone to improve survival in cases of
respiratory distress.

Biologic agents
Effective biologic agent dispersal requires aerosol release, but
only a few organisms have been shown to survive this process,
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particularly in strong sunlight. Biologic agents can be difficult
to manage because of their long latency, persistency (in the
case of spore-forming organisms, such as anthrax), and con-
tagious transmissibility. Victims contaminated with biologic
agents should be decontaminated in the same way as persons
contaminated with chemical agents.

As noted earlier in text, few biologic agents are capable of
withstanding the stress involved in aerosolization. A notable
exception is anthrax in its spore form. Following the initial
exposure to inhaled spores, victims report malaise, fatigue,
fever, and a nonproductive cough for up to 4 days. During
this period, anthrax toxin is being released into the blood.
This release is followedbynecrotizing, hemorrhagicmediastini-
tis and multiple organ failure. Approximately half of all cases
develop hemorrhagic meningitis.

Vaccines are available against anthrax. Prophylaxis and
treatment with antibiotics are also effective, and updated
recommendations should be consulted regularly. Anesthesiolo-
gists and intensivists should use filter protection against cross-
contamination where possible.

Cholera is another potential terrorist agent that could be
delivered by contamination of a water supply. Treatment con-
sists primarily of rehydration, and antibiotics play a secondary
role in therapy.

Glanders is an equine disease caused by Burkholderia mallei
that can affect humans. Septicemia occurs 1 to 2 weeks after
exposure andmay progress to septic shock andmultiorgan fail-
ure. Antibiotics are the mainstay of treatment.

Now that smallpox vaccination programs have ended, the
disease presents a potential threat as a terrorist hazard. Treat-
ment consists of isolation and supportive therapy, but antiviral
drugs may be effective.

Other agents that could be used include tularemia-
contaminated fodder and Yersinia in rat-borne fleas.

Conclusions
As physicians skilled in life support, anesthesiologists are
the logical choice for caring for victims of contamina-
tion by chemical and biologic agents. Required competen-
cies include familiarity with local emergency plans, access
to protective gear and training in its use, local mass ven-
tilation capabilities, knowledge of the pathophysiology and
treatment of potential agents, and access to necessary treat-
ments. This chapter should be considered an introduction to
this complex field; comprehensive reviews are available else-
where.
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Chapter

175 Anesthesia for robotic surgery
Ervant Nishanian

The minimally invasive surgical revolution has ultimately
evolved into robot-assisted surgery. Robotic devices allow for
unprecedented control and precision of surgical instruments in
minimally invasive procedures.The anticipated benefits ofmin-
imally invasive surgery offer the patient less pain and trauma,
shorter hospital stays, quicker recovery, and better cosmetic
results. Surgical robots are mechanical helping hands that offer
assistance in various fields of surgery. With these robotic tech-
nologic innovations, however, new patient anesthetic concerns
have emerged. As surgery moves into the robotic era, so too
does the need for new anesthetic skills.

Abdominal surgery
The most commonly performed robot-assisted procedures
include cholecystectomy, Nissen fundoplication, Heller
myotomy, bariatric surgery, and colectomy. Robotic surgery
overcomes some of the disadvantages of conventional laparo-
scopic procedureswith three-dimensional imaging, elimination
of motion reversal (fulcrum effect), motion scaling, and filtra-
tion of resting tremors and offers an ergonomically comfortable
position. Although outcome data on robotic surgery are sparse,
some of the reported advantages include a short learning curve,
better quality of repair, and ease of operation in morbidly obese
patients.

Anesthetic considerations
In the operating room, the patient is monitored with an elec-
trocardiographic (ECG) device, pulse oximetry, an axillary
temperature probe, and blood pressure monitoring devices.
Bilateral peripheral intravenous access is valuable because one
of the upper extremities may not be available during the
surgery. The patient is sedated with a mild sedative and pre-
pared for induction after preoxygenation. The trachea is intu-
bated with a single-lumen endotracheal tube, and its placement
is confirmed. Patients with reflux may require rapid-sequence
induction. Anesthesia can be maintained with a volatile agent.
Muscle relaxation and monitoring are paramount in avoiding
any movements by the patient while the surgical instruments
are within the abdominal cavity. An orogastric tube, urinary
bladder catheter, and convective-air body warmers are applied
whenever possible.

With the patient in the supine position, the patient is pre-
pared and draped, and the abdominal cavity is insufflated with
carbon dioxide (CO2) to a pressure not to exceed 20 mm Hg.
The trocar for the camera is placed manually. Incision ports for
Nissen fundoplication and cholecystectomy are shown in Fig.
175.1. The side cart robot is then brought close to the patient’s
head to engage the other trocars with visual guidance from the
robotic camera. Because of the proximity of the side cart to the
patient’s head, there is limited access to the patient’s airway and
neck, and the head must be guarded against inadvertent col-
lision by the movements of the robotic arms. After the robot
is engaged, the patient’s body position or table height cannot
be changed. For example, if the patient requires an increase in
cardiac filling pressures, the patient can be placed in the Tren-
delenburg position only after disengaging the robot from the
patient. The surgical team should be capable of rapidly dis-
engaging the robotic device if an airway or anesthesia emer-
gency arises. As with any abdominal laparoscopic procedure
that requires a CO2-pressurized pneumoperitoneum, ventila-
tor adjustments may be required to normalize the exhaled CO2
while protecting the lungs from barotrauma.

Cardiothoracic surgery
Cardiothoracic applications of robot-assisted surgery have
expanded and include atrial septal defect closures, mitral valve
repairs, patent ductus arteriosus ligations, totally endoscopic
coronary artery bypass (TECAB) grafting, minimally invasive
atrial fibrillation (AF) surgery, and left ventricular (LV) pace-
maker lead placement.

Although technical advances in minimally invasive surgery
have introduced techniques that are done through small ports
and may eventually make surgical sternotomy obsolete, sur-
geons must still be trained and prepared to convert to an open
sternotomy if the need arises.

Knowledge of and expertise in cardiac and thoracic anes-
thesia are imperative because both organ systems need to be
managed safely. The ability to perform and maintain single-
lung ventilation is mandatory, as is management of the physi-
ologic consequences (Table 175.1). Preoperative assessment of
lung function is indicated if a patient has significant lung dis-
ease. An abnormal result of a pulmonary function test may
be a contraindication to robot-assisted cardiac surgery because
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Figure 175.1. Operating room schematic of the use of a robotic surgical system in fundoplication surgery. (Courtesy of Intuitive Surgical, Inc., Sunnyvale, CA.)

single-lung ventilation may be poorly tolerated. Severe pul-
monary hypertension renders a patient unsuitable for robotic
surgery due to the potential for hypercarbia with single-lung
ventilation. Robotic surgery may require unprecedented, pro-
longed single-lung ventilation with nonpulsatile flow, which
may challenge the extent of our knowledge about respiratory
physiology. Continuous monitoring of cardiac function with
transesophageal echocardiography (TEE) has become a stan-
dard of care. All patients undergoing robotic cardiothoracic

Table 175.1. Single-lung ventilation strategy

1. Use FiO2 = 1.0.
2. Begin single-lung ventilation with pressure control ventilation,
maintaining a plateau pressure < 30 cm H2O.

3. Adjust respiratory rate so that PaCO2 approaches 40 mm Hg.
4. Check arterial blood gases periodically.
5. Apply continuous positive airway pressure to nonventilated lung.
6. Apply positive end-expiratory pressure to ventilated lung.

FiO2, fraction of inspired oxygen content.

surgery are evaluated preoperatively by TEE to exclude the
possibility of persistent left-sided superior vena cava (SVC) or
patent foramen ovale.

In 2002, the US Food and Drug Administration (FDA)
approved the use of robot-assisted surgery in performingmitral
valve repairs. Mitral valve repair, initially done through mini-
thoracotomy incisions, could be done completely with a closed
chest. Mitral valve replacements, however, may still require a
small thoracotomy to introduce the new prosthetic valve.

Anesthetic implications for mitral valve surgery
Mitral valve surgery employing robotic devices is performed at
a few cardiac centers in the United States and Europe. Patients
are initially evaluated by using cardiac catheterization to esti-
mate the degree of coronary artery stenosis and to assess valve
function. Most hypertensive patients with significant mitral
regurgitation are treated with afterload reducers. A concomi-
tant enlarged left atrium is often susceptible to AF, which may
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Figure 175.2. Operating room schematic of the use of a robotic surgical system in cholecystectomy surgery. (Courtesy of Intuitive Surgical, Inc., Sunnyvale, CA.)

mean additional medication for anticoagulation and rate con-
trol. Chronically elevated left atrial pressure may manifest with
pulmonary hypertension, which may be further exacerbated by
obstructive lung disease.

Patients are provided with a large peripheral intravenous
line and routinely monitored with ECG leads II and V5, pulse
oximetry, and a noninvasive blood pressure cuff prior to place-
ment of arterial lines. Light sedation with midazolam is offered
before the placement of bilateral radial arterial lines. Occlusion
of the innominate artery by an endovascular aortic occlusion
balloon can be monitored with the right radial arterial line.

After ample oxygenation, the patient is anesthetized with a
combination ofmidazolam, fentanyl, and an inhalational agent.
Uponmuscle relaxation, the trachea is intubated with a double-
lumen endotracheal tube. Proper tube position is confirmed
by bronchoscopy. A TEE probe is inserted to assess heart and
valve function and to guide central line placement. A left inter-
nal jugular 9-French introducer catheter is inserted, and an 8-
French pulmonary artery catheter is floated into the pulmonary
artery. Secondarily, the right neck is prepared for insertion of a
percutaneous, 17-French armored Bio-Medicus cannula, which

is inserted directly into the internal jugular vein; its proper posi-
tion in the SVC is confirmed by TEE. At the time of insertion,
the SVC cannula is flushed with 5000 units of heparin to ensure
its patency. The cannula is anchored and secured with a purse-
string suture at the skin. The pelvis is also prepared for car-
diopulmonary bypass cannulation.

After the patient is positioned (Fig. 175.2), transcutaneous
defibrillation and pacing pads are applied. The surgeon can
then determine proper location for port access, whichmay vary
according to a patient’s body habitus.

Anesthesia is continued with opioids, muscle relaxants and
volatile agents delivered through a double-lumen tube with the
right lung deflated. A right-sided mini-thoracotomy incision
is made. The heart is exposed after a pericardial opening is
made. After the patient is heparinized based on an activated
coagulation time (ACT)–guided protocol, the femoral vein and
artery are cannulated in anticipation of femoral–femoral car-
diopulmonary bypass. The positions of the arterial and venous
cannulas are confirmed with TEE. Anterograde and retrograde
cardioplegia cannulas are placed. After initiating cardiopul-
monary bypass, a transthoracic aortic cross-clamp is passed
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percutaneously through the right axilla and applied to the
ascending aorta, and the heart is arrested with cardioplegia.
Alternatively, an endovascular balloon occlusion device can be
used instead of an aortic cross-clamp.

The robotic arms are engaged through their respective tro-
cars lateral to the mini-thoracotomy incision while the camera
arm passes directly through the thoracotomy incision. The left
atrium can be entered for mitral valve repair or replacement.

Before terminating cardiopulmonary bypass, TEE is used to
evaluate the function of the mitral valve and residual valvular
regurgitation and to confirm the disappearance of intracardiac
air. The anterior leaflet of the mitral valve is further inspected
for systolic anterior motion.

Patientsmay be excluded from robot-assistedmitral surgery
if they have significant mitral annular calcification, ischemic
heart disease, a requirement for multiple valve repairs, previ-
ous surgery in the right hemithorax, or significant pulmonary
hypertension.

Atrial septal defect repair
Dogan and coworkers reported the first successful closed-chest
closure of an atrial septal defect. Operations for atrial septal
defects are similar to those for mitral valve repairs, except that
a mini-thoracotomy is not required. Like all robotic procedures
that demand entrance into the thoracic cavity, single-lung ven-
tilation must be instituted during surgery. Atrial septal defect
repairs also require opening the heart and preventing any blood
from flowing into the heart.The interruption of blood flow into
the heart is facilitated by jugular and femoral vein cannulation
and snaring the inferior vena cava (IVC) and SVC. Cardiopul-
monary bypass with cardioplegia administration into the aortic
root is used to arrest the heart.

Internal mammary artery harvest
Patients are monitored in the usual way for cardiac surgery. A
central venous line and a radial artery cannula are placed on the
same side as the harvested internal mammary artery. There is a
mandate for single-lung ventilation with tube placement con-
firmed by bronchoscopy. The patient is positioned supine, with
the thorax rotated 20◦ by placing a roll under the left scapula.
External defibrillation and pacing pads are applied to the left
posterior chest and anterolateral right chest. Raising the left arm
provides more exposure and thins the skin overlying the left
anterolateral chest. The opposite can be done to the right chest
when harvesting only the right internal mammary artery. CO2
insufflation is needed to provide exposure and counter trac-
tion. CO2 insufflation (5–10 mm Hg) into the left hemithorax
pushes the mediastinal fat pad medially and enlarges the space
between the sternum and heart to a small extent to provide a
better view. When harvesting both internal mammary arteries,
insufflation of the left hemithorax is sufficient to expose the
right internal mammary artery because of the leftward posi-
tion of the heart and the improved angle of sight. Insufflation
is begun in increments of 2 to 4 mm Hg. The insufflation flow

rate is adjusted automatically to achieve a preset intrathoracic
pressure limit. Caution should be exercised when insufflating
the thorax in patients who have poor LV function or who are
hypovolemic (central venous pressure � 5 mm Hg). Patients
should have their volume status augmented before proceeding
to full insufflation. CO2 insufflation and single-lung ventilation
increase central venous pressure and pulmonary artery pressure
by a small amount. Bilateral pneumothoraces are deliberately
produced when doing bilateral internal mammary artery har-
vest. Most patients studied tolerate small bilateral pneumotho-
races well for periods less than 1 hour.

Coronary artery bypass grafting
Patients are prepared and monitored for anesthesia in a man-
ner similar to that for mitral valve surgery. Monitoring of the
right radial artery pressure tracing is imperative when using
an endovascular balloon-occlusion catheter. After the patient is
asleep, inspired oxygen tension and expiredCO2 aremonitored.
TEE is used to monitor cardiac function and confirm catheter
placement. Pulmonary artery catheters may be redundant and
are judiciously used in the appropriate patient population. The
patient is positioned the same as for internal mammary artery
takedown, and trocars are placed as depicted in Fig. 175.3.

When cardiopulmonary bypass is anticipated, the left
femoral artery is cannulated with a 17- or 21-French remote
access perfusion (RAP) catheter with an aortic occlusion bal-
loon. This catheter allows anterograde flow of 4 or 5 L/min,
respectively. The cannula has a separate lumen for delivering
cardioplegia to the aortic root beyond the occlusion of the bal-
loon. The aortic cannula is positioned in the ascending aorta, 2
cm above the aortic valve. The endovascular balloon is inflated
with a volume equal to the diameter (in milliliters) of the sino-
tubular junction of the aorta. A balloon pressure greater than
300 mm Hg usually provides complete occlusion of the aorta.
Residual flow around the balloon can be seen and monitored
with color flow on TEE. The use of bilateral radial artery lines
is useful in detecting the migration of the occlusion balloon
toward the innominate artery. Proximal migration of the bal-
loon can be monitored with TEE to prevent balloon herniation
through the aortic valve.

After left lung ventilation is begun, the ventilator is adjusted
to provide an end-tidal CO2 pressure of 35 to 40 mmHg. Ports
can be placed safely after the right-sided pneumothorax has
formed. CO2 is insufflated into the right hemithorax and con-
tinued at a pressure of 5 to 10mmHg, allowing the affected lung
to collapse further and providing a larger visual field. Itmay also
prevent mediastinal shifts during single-lung ventilation when
large tidal volumes are used, such as in a patient with emphyse-
matous lungs. Sternal lift retractors can increase the retroster-
nal space by raising the sternum above the anterior surface of
the heart and provide better exposure.

Robot-assisted, beating-heart coronary artery bypass graft-
ing can be accomplished with appropriate patient selection.
Articulating stabilizers passed through a subxiphoid port can
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Figure 175.3. Operating room schematic of the use of a robotic surgical system in cardiac surgery. (Courtesy of Intuitive Surgical, Inc., Sunnyvale, CA.)

stabilize the anterior surface of the heart to facilitate graft-
ing. Bilateral internal mammary artery grafting has also been
accomplished.

Atrial fibrillation surgery
AF is one of the most common rhythm disturbances encoun-
tered in clinical practice. The Cox maze procedure is the treat-
ment of choice in medically resistant AF. Excellent long-term
results have been reported with this procedure, in which right
and left atrial atriotomies are combined with cryoablation to
interrupt reentrant rhythms and restore sinus rhythm.

Many approaches have been used for minimally invasive
AF ablation surgery. The most commonly used approach uses
the da Vinci system via right mini-thoracotomy using periph-
eral cannulation and cardiopulmonary bypass, but a total endo-
scopic approach on the beating heart has also been described.

The patient is placed in a supine position. In addition to the
standard monitors, invasive arterial and central venous pres-
sures are also monitored. Pulmonary artery catheters can be

used in appropriate patients. After induction of anesthesia and
tracheal intubation, the position of the double-lumen endotra-
cheal tube is confirmed by fiber-optic bronchoscopy. A TEE
probe is inserted for intraoperative cardiac monitoring and to
rule out a clot in the left atrial appendage. External defibril-
lator pads are applied to the chest. Single-lung (left) ventila-
tion is instituted, and CO2 is insufflated to produce a right
pneumothorax. Three 1-cm port access incisions are made at
the level of the third, fourth, and fifth intercostal space on the
anterior axillary line for the robotic arms and the endoscope.
The beating heart is exposed after dissecting the pericardium.
By using a microwave probe (Flex10; Boston Scientific, Nat-
ick, MA), a continuous circular lesion is produced encircling
the pulmonary veins. Arrhythmias in the early postoperative
period are treated with amiodarone and �-blocker therapy.

Left ventricular lead placement
A large number of patients with heart failure exhibit car-
diac dyssynchrony secondary to delay in activation of LV free
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wall. These patients can have a further decrease in ventricu-
lar function, which later might worsenmitral regurgitation and
increase the risk of death.Ventricular resychronizationhas been
shown to improve ventricular function, exercise capacity, and
quality of life. Standard biventricular pacing is performed by
inserting transvenous right atrial and ventricular endocardial
leads. An epicardial LV lead is inserted by cannulating the coro-
nary sinus in the right atrium and advancing the lead via venous
tributaries of the coronary sinus to the ventricular surface.This
approach suffers from a failure rate of 15% to 20% due to inabil-
ity to cannulate the coronary sinus. Late LV lead dislodgement
occurrence is 5% to 10%.

Some surgical groups have developed a total endoscopic
robotic approach to lead placement. A total endoscopic
approach requires isolated right lung ventilation. Left lung is
excluded and left hemithorax is insufflated with CO2 at a pres-
sure of 8 to 10 mm Hg. Robotic arms are inserted by incisions
in the left fifth and ninth intercostal spaces, respectively, in the
posterior axillary line, and the camera is inserted into the sev-
enth intercostal space. The pacing lead is introduced through a
working port and attached between the first and second obtuse
marginals between the base and the apex. A second pacing
lead is attached near the second obtuse marginal, and the peri-
cardium is closed over the leads. Both the leads are tunneled
to an incision in axilla, and retested for threshold.The lead with
the best threshold is connected to the pacemaker; the other lead
is capped and secured to the fascia for future use. If a right-sided
pacing lead is needed, it is inserted transvenously at this time
and connected to the biventricular pacemaker.

This approach allows for reliable entry into the chest for LV
lead insertion, while also allowing complete cardiac access for
mapping.

Thoracic surgery
Thoracic procedures being performed include multiple
esophageal procedures including Heller’s myotomy, resec-
tion of esophageal and mediastinal masses, esophagectomy,
thymectomy, and pulmonary lobectomy.

Although video-assisted thoracoscopic surgery (VATS) is
well established, its use is limited to simple procedures. Robotic
thoracic surgery presents with a different set of challenges.
The surgical challenges include rigidity of the chest wall and
movement of heart, lungs, and mediastinum. The anesthesia-
related challenges are similar to the cardiac issues and include
prolonged single-lung ventilation and hemodynamic instability
associated with CO2 insufflation of the hemithorax.

Patient positioning plays a major role in exposing other-
wise inaccessible areas, as mediastinal structures are heavy and
mobile and change position in response to gravity. The supine
or slight lateral decubitus (raising one side 15–30◦) position is
ideal for anterior mediastinum pathology. A 90◦ lateral posi-
tion may be optimal for hilar masses and lobectomies, whereas
a nearly prone position may create better exposure for poste-
rior mediastinal masses. CO2 insufflation also plays a big role

in achieving adequate exposure by pushing mediastinum to the
opposite site while compressing the lung away from the oper-
ative site. It also reduces fogging and removes cautery smoke.
Steep head-down position (�30◦) will decrease FRC (func-
tional residual capacity) by the accumulation and pooling of
intrathoracic blood.

Neurosurgery
From the late 1980s through 1993, neurosurgeons investigated
the use of robots to precisely position resection probes and
devices within neural parenchyma to provide minimally inva-
sive surgery and to protect normal tissue. Stereotactic naviga-
tion during neurosurgery has provided an image-guided system
for real-time tracking of surgical instrument tips. CyberKnife
(Accuray, Inc., Sunnyvale, CA) is an image-guided, frameless,
stereotactic radiosurgery system for treatment of spinal tumors.
Themajor potential benefit of radiosurgical treatment of spinal
lesions is that it can be performed in an outpatient setting,
with rapid recovery. The Neuromate stereotactic robot (Inte-
grated Surgical Systems, Davis, CA) is a frameless system and
uses MRI data for treatment of movement-based disorders.
MRI-compatible robotic systems have also been developed for
neurosurgery. Patients may be placed in sitting or beach chair
positions, which present to the patient a number of anesthetic
concerns that are mentioned elsewhere.

Urologic surgery
The first use of robotics in urology was in the late 1980s when
a robotic frame was developed for transurethral resection of
prostate (TURP).The framewas constructed to support the six-
axis Unimation Programmable Universal Machine for Assem-
bly (PUMA) robot. The safety of this device is derived from the
circular steel frame that restricts and confines the robot to a pre-
cise arc of resection. Such procedures can be donemore quickly
with a robotic instrument, and because hemostasis is done only
once at the end of the procedure, there is less time for absorp-
tion of irrigation fluid.The PUMA robot has been used to resect
prostate tissue safely.

The percutaneous access robot (PAKY-RCM; URobotics,
Baltimore, MD) is used with fluoroscopy or CT guidance
to improve accuracy of needle placement in percutaneous
nephrolithotomy and tissue biopsies. The most advanced sys-
tem currently being used in urology is the da Vinci robotic
system. The procedures performed using the da Vinci system
include radical prostatectomy, radical cystectomy, radical and
simple nephrectomy, live donor nephrectomy, pyeloplasty, and
adrenalectomy.

Radical prostatectomy
Guillonneau andVallancien were the first to show the feasibility
and efficacy of laparoscopic radical prostatectomy. Since then,
robot-assisted radical prostatectomy (RAPR) has become the
most common procedure performed with robotic assistance.
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In 2005, more than 8000 procedures were performed. Out-
come data, such as transfusion rate, positive surgical margin
rate, urinary continence recovery, and erectile function with
RAPR, seem to compare favorably with laparoscopic or tradi-
tional retropubic approach.

Anesthetic considerations
After induction of anesthesia, an arterial line may be placed for
frequent phlebotomy and as dictated by the patient’s comor-
bidities. An additional, large-bore intravenous line may be
considered when the potential for excessive blood losses is
anticipated. Muscle relaxation is imperative to the safety of the
patient because any movements by the patient while the sur-
gical instruments are within the abdominal cavity could be
catastrophic. The patient is placed in a supine lithotomy posi-
tion with 30◦ Trendelenburg incline (Fig. 175.3). The thighs
are spread apart far enough to allow the approach of the
robotic system between them. Patients shorter than 6 feet have
their legs in a frog-leg position. The prolonged Trendelenburg
position may be relatively contraindicated in patients with a
history of stroke or cerebral aneurysm. Because of the long
procedure, silicone gel pads are placed at every pressure point.
Some surgeons advocate tucking the patient’s arms while the
patient is awake to maintain optimal comfort and avoidance of
neurapraxia. After a 14-French Foley catheter is inserted, the
body is prepared and draped. A pneumoperitoneum is cre-
ated through an umbilical puncture needle, and the maximum
pressure is set to 15 mm Hg. The trocar is inserted accord-
ing to the standardized Heilbronn approach using a semilunar
five-trocar arrangement, with a sixth trocar in the suprapubic
area.

Radical cystectomy
Radical cystectomy remains the gold standard for treatment of
bladder cancer. The first case series of robotic radical cystec-
tomy was described in 2003; since then, other case reports and
small case series have been published.

Anesthetic considerations
Patients are monitored and anesthetized in a similar man-
ner to that in radical prostatectomy procedures. An arterial
line may be placed depending on the patient’s comorbidities.
After tracheal intubation, an additional, large-bore intravenous
line may be considered. Anesthesia can be maintained with
a volatile agent. Muscle relaxation must be continued to pre-
vent injury with the stationary robot. The patient is positioned
in an extended lithotomy position with 45◦ of Trendelenburg
incline, and silicone gel pads are placed at every pressure point.
Convective-air body warmers are applied whenever possible.
Using the da Vinci system, a six-port approach is used to
perform pelvic lymphadenectomy and cystoprostatectomy.The
specimen is removed in a bag through a 5- to 6-cm suprapubic
incision. Through this incision the bowel is exteriorized and a

neobladder is created extracorporeally. Subsequently urethero-
neovesical anastomosis is performed with robotic assistance.
When compared to open radical cystectomy, the advantages
of the robotic approach seem to be decreased blood loss and
shorter hospital length of stay.

Orthopedic surgery
Total hip arthroplasty
In 1992, a veterinarian who worked in collaboration with IBM
developed a robotic system that could be used for hip replace-
ment in dogs. The research collaboration resulted in the first
surgical robot – ROBODOC (CUREXOTechnologyCorp., Fre-
mont, CA).

In the operating room, the surgeon removes the native
femoral head andplaces the acetabular cup into its place accord-
ing to the routine manual procedure. The femur is then rigidly
clamped and secured by the robot fixator. The robot is allowed
to recognize the three titanium registration pins and compares
their location relative to the data obtained fromCT. In thisman-
ner, the robot has a perfect sense of where the femur lies in
three-dimensional space and can perform precise milling of the
femoral canal.The remainder of the surgery proceedsmanually.

Knee replacement
Most total-knee replacements depend on a system to guide bone
sawing.The placement of the jig is based on the surgeon’s visual
cues from the exposed bone surfaces. Inaccuracies can produce
patellofemoral pain and limited flexion in 40% of patients when
conventional approaches are used. Inaccuracy of 2.5 mm can
produce a 20◦ change in the range of motion of a joint.

Robotic surgical assistants have been developed to increase
the accuracy of prosthetic joint alignment. For the robot to
recognize specific landmarks, the pelvis and the ankle must
be fixed to the surgical table. Osseous material is less likely to
deform under pressure and can keep its shape. Small trials have
demonstrated increased accuracy of robotic systems in knee
surgery.

Although robots are used in orthopedic surgery to per-
form repetitive tasks with high precision, their use has minimal
impact on the type of anesthesia and monitoring offered to the
patient. Orthopedic patients are treated in the same safe man-
ner regardless of the type of robot used.

Ophthalmologic surgery
The challenge of creating a robot that is accurate and has an
extremely high level of dexterity and precision was mandated
for laser retinal surgery. Because blood vessels in the retina
are only 25 �m apart, high precision is necessary. Collabora-
tion between Stephen Charles and the NASA Jet Propulsion
Laboratory developed the Robot-AssistedMicrosurgery System
(RAMS). It is capable of performing laser microsurgery with
10-�m accuracy. The unaided human eye can discern an incre-
ment of only 200 �m. RAMS provides a 200-Hz gating system
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for eye tracking, and it eliminates the saccades of the eye, allow-
ing the eye to appear perfectly still to the observer. The system
also provides a 100:1 scaling that allows for 10-�m incremen-
tal movements. Tremor is filtered out between 8 and 14 Hz to
eliminate inaccuracy. The ability to work at such small scales is
the robot’s strength. Newer robotic devices intended for micro-
surgical application have an accuracy of 5 �m. Such precision
would not be conceivable without the dexterity of robotic tech-
nology. The type of anesthesia offered is the same as any other
offered to patients undergoing ophthalmic surgery.

Summary
The use of robots in surgery is likely to increase because of
their enhanced precision and control. Their minimally inva-
sive nature is better tolerated in terms of reducing the stress
response, overall pain, tissue trauma, and length of hospital stay,
as well as hastening recovery from surgery and improving cos-
metic results.

Anesthesiologists need to be aware of this fast-changing
field and how it affects anesthetic techniques and their delivery.
Initially, robot-assisted surgical thoracic procedures increased
the length of time that patients were under general anesthesia.
Concomitantly, the duration of single-lung ventilation has been
taken to new time extremes, which has given us insight into
the respiratory physiology of prolonged single-lung ventilation.
As surgeons gain expertise with robot-assisted surgery, opera-
tive times will shorten dramatically to the point of traditional
open surgery. The inability to move the patient while the robot
is attached to the patient will be a challenge when attempting
to alter cardiac filling pressures by gravity. As a result, clini-
cians will be more likely to use pharmacologic agents instead.
Anesthesiologists have experience working in locations that are
remote from the patient’s airway. It should come as no surprise
that robot-assisted surgery of the upper body will also provide
that challenge. Improved monitoring methods will be needed
to make remote anesthesia safe and practical. Perhaps the min-
imally invasive revolution will advocate earlier patient recovery
and the increased implementation of regional anesthetic tech-
niques. The extent of the surgical stress response may be atten-
uated, ultimately minimizing the inflammatory response.

Preoperative diagnostic imaging in combination with vir-
tual reality simulators will allow the surgeon to rehearse the
complex procedures in advance and program the robot to avoid
any vital structures during the surgery. Visualization systems

are being developed that will improve surgery on mobile struc-
tures, such as the beating heart. Advances in motion-gating
technology will allow the heart to appear as if it is standing still.
Another area in which development in medical robotics might
take place is nanotechnology. The world’s smallest untethered
robot was recently shown to measure 250×100 �m. In the
future, nanoscale robots will be used to deliver targeted gene
therapy or chemotherapy to remote locations in the body. As
with all innovations, wemust progress with robotic surgery, but
with optimistic caution.

Suggested readings
Anvari M. Remote telepresence surgery: the Canadian experience.

Surg Endosc 2007; 21:537–541.
Argenziano M, Katz M, Bonatti J, et al. Results of the prospective

multicenter trial of robotically assisted totally endoscopic coronary
artery bypass grafting. AnnThorac Surg 2006; 81:1666–1674.

Augustin F, Schmid T, Bodner J. The robotic approach for
mediastinal lesions. Int J Med Robot 2006; 2:262–270.

Ballantyne GH. Telerobotic gastrointestinal surgery: phase 2–safety
and efficacy. Surg Endosc 2007; 21:1054–1062.

Deeba S, Aggarwal R, Sains P, et al. Cardiac robotics: a review and
St. Mary’s experience. Int J Med Robot 2006; 2:16–20.

Descazeaud A, Peyromaure M, Zerbib M. Will robotic surgery
become the gold standard for radical prostatectomy? Eur Urol
2007; 51:9–11.

Ficarra V, Cavalleri S, Novara G, et al. Evidence from robot-assisted
laparoscopic radical prostatectomy: a systematic review. Eur Urol
2007; 51:45–55.

Kernstine KH, Dearmond DT, Shamoun DM, Campos JH. The first
series of completely robotic esophagectomies with three-field
lymphadenectomy: initial experience. Surg Endosc 2007;
21(12):2285–2292.

Kypson AP. Recent trends in minimally invasive cardiac surgery.
Cardiology 2007; 107:147–158.

Mehta N, Goswami S, Argenziano M, et al. Anesthesia for robotic
repair of the mitral valve: a report of two cases. Anesth Analg 2003;
96:7–10.

Murphy D, Challacombe B, Khan MS, Dasgupta P. Robotic
technology in urology. Postgrad Med J 2006; 82:743–747.

Parr KG, Talamini MA. Anesthetic implications of the addition of an
operative robot for endoscopic surgery: a case report. J Clin Anesth
2002; 14:228–233.

Satava RM. Surgical robotics: the early chronicles: a personal
historical perspective. Surg Laparosc Endosc Percutan Tech 2002;
12:6–16.

Talamini M, Campbell K, Stanfield C. Robotic gastrointestinal
surgery: early experience and system description. J Laparoendosc
Adv Surg Tech A 2002; 12:225–232.

1082



Chapter

176 Human immunodeficiency virus,
methicillin-resistant Staphylococcus aureus,
and vancomycin-resistant enterococcus
Karan Madan

Since the advent of chemotherapeutic agents, the prevalence
of infectious diseases in the Western world has been reduced
tremendously. Indiscriminate use and overuse of antibiotics,
however, has led to increasingly resistant strains of bacteria.
Furthermore, we are also facing the challenge of new diseases,
such as human immunodeficiency virus (HIV).Therefore, anes-
thesiologists encounter patients with infectious comorbidities
in the operating room and in intensive care units (ICUs). Anes-
thesiologists have the responsibility to protect the patient, the
operating room staff, and themselves from infections while pro-
viding high standards of care to the patient. In this chapter
we will discuss HIV, methicillin-resistant Staphylococcus aureus
(MRSA) and vancomycin-resistant enterococcus (VRE) and
their affects on anesthesia and vice versa.

HIV
AIDS was first recognized in 1981 among homosexual young
men with Kaposi’s sarcoma and Pneumocystis carinii pneumo-
nia. Cases were later reported among intravenous drug users
and patients with hemophilia. In 1984, it was determined that
the causative agent for the disease was what is now called the
human immunodeficiency virus type 1 (HIV-1). HIV-2 was
identified in 1985 in healthy prostitutes from Senegal. HIV-
2 seems to have a slower transmission and progression than
HIV-1. End-stage disease for both strains appears to be similar,
however.

HIV is transmitted through sexual contact or parenteral
exposure to contaminated blood and blood products and peri-
natally from mother to infant during gestation, delivery, and
breast-feeding. Occupational transmission by percutaneous,
mucous membrane, and cutaneous exposure is well known.
Postexposure prophylaxis has reduced considerably the risk of
occupational transmission.

Although the global percentage of people living with HIV
has stabilized since 2000, the overall number of people liv-
ing with HIV has increased as a result of the ongoing num-
ber of new infections each year and the beneficial effects
of more widely available antiretroviral therapy (ART). Sub-
Saharan Africa remains most heavily affected by HIV, account-
ing for 67% of all people living with HIV and for 72% of AIDS
deaths. Globally, there were an estimated 33.8 million people
living with HIV in 2008. The rate of new HIV infections has

decreased in several countries, although globally these favor-
able trends are at least partially offset by increases in new infec-
tions in other countries. In sub-Saharan Africa, most national
epidemics have stabilized or begun to decline.Outside ofAfrica,
infections are on the rise in a number of countries. As these
numbers suggest, the worldwide burden of the disease is sig-
nificant (see Fig. 176.1).

More than 64% of the world’s HIV population live in sub-
Saharan Africa, where transmission is primarily through het-
erosexual contact, withmore infected females thanmales. In the
United States, 44% of HIV transmission is among male homo-
sexuals, and 17% is among intravenous drug users. Despite
increased funding and a combined international effort, only
20% of patients in need of ART worldwide are receiving it.

For the anesthesiologist in the operating room and intensive
care environment, a patient withHIVmay present the following
challenges:
1. HIV-related end-organ dysfunction,
2. Drug interactions between anesthetic agents and

medications, and
3. Occupational exposure of anesthesiologist and other health

care providers to the infection.
Various studies have shown that 28% to 73% of patients with

HIV have cardiac problems, resulting in 1% to 6% of deaths.
These problems include pericarditis, myocarditis, and endo-
carditis. Pericarditis is themost common cardiac condition, and
myocarditis can be caused by opportunistic infections, such as
herpes simplex virus (HSV), cytomegalovirus (CMV), Toxo-
plasma gondii, Candida, and Aspergillus. Zidovudine can cause
a decrease in cardiac ejection fraction, pentamidine may cause
torsades de pointes, and amphotericin B and doxorubicin can
cause cardiac toxicity. Patientsmay also have decreased levels of
protein C and protein S, causing them to be hypercoagulable.

Pulmonary comorbidities in HIV patients may be due to
opportunistic infections causing spontaneous pneumothorax,
frequent pneumonias, and destruction of lung parenchyma.
Patients frequently have decreased diffusion capacity and alve-
olitis and, hence may require high inspired oxygen concen-
trations. HIV patients have a higher incidence of malignant
tumors, such as Kaposi’s sarcoma and lymphoma, which can
manifest as hemoptysis or obstruction. Thrombocytopenia is
seen in approximately 40% of HIV patients and may exist in
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Adult prevalence (%)
15.0% – 28.0%
5.0% – <15.0%
1.0% – <5.0%
0.5% – <1.0%
0.1% – <0.5%
<0.1%

No data available

Figure 176.1. Prevalence of HIV infection. Reprinted from Joint United Nations Programme on HIV/AIDS (UNAIDS). 2008 report on the global AIDS epidemic.

otherwise asymptomatic individuals. Anemia is found in 60%
of patients and is due to decreased erythropoiesis.

Primary HIV encephalopathy can result in AIDS dementia.
HIV can also cause aseptic meningitis and vacuolar myelopa-
thy and can make patients more susceptible to the herpes
simplex and varicella zoster viruses. HIV itself, other related
opportunistic infections, and antiretroviral medications can
cause significant peripheral neuropathy as has been described
earlier in the text. Autonomic dysfunction may cause postu-
ral hypotension, dizziness, and cardiovascular lability during
induction of anesthesia.

Oral lesions such as candidiasis, Kaposi’s sarcoma, and her-
pes simplex can limit mouth opening and/or cause obstruc-
tion of the airway. Esophagitis frequently seen in HIV patients
can cause persistent bleeding, obstruction, and even perfora-
tion requiring surgery. In the ICU, HIV-related diarrhea can
cause severe dehydration electrolyte imbalances, malnutrition,
and muscle wasting.

Hepatocellular injury due toHIVor coexisting hepatitis B or
C is commonly seen. Liver function also can be affected by co-
exising Hodgkin’s lymphoma, Mycobacterium, CMV, or fungal
infections, as well as hepatotoxicity associated with drugs such
as sulfonamides.

Ten percent of AIDS patients have progressive renal insuf-
ficiency. The syndrome of inappropriate antidiuretic hormone
(SIADH) secretion also is seen and is due to malignancies, tox-
oplasmosis, and tuberculosis. Pentamidine, which is used to

treat pneumocystis pneumonia, can cause hyperkalemia and
metabolic acidosis.

Adverse affects of antiretroviral drugs include anemia,
leukopenia, thrombocytopenia, lactic acidosis, hepatotoxicity,
pancreatitis, confusion, and seizures (among others). These
adverse affects have to be considered during the formulation of
the anesthetic plan for the patient.

In patients with HIV/AIDS, there is no contraindica-
tion for administering regional anesthesia wherever indicated
(including spinal and epidural anesthesia). There are no clear
data, however, supporting that regional anesthesia is either safer
or more dangerous in patients with HIV infection.The CNS is a
favored site for HIV and is usually infected early in the disease
process. The epidural blood patch has also been performed in
HIV-positive patients with postdural puncture headache with
no untoward consequences. Studies have shown that there is no
higher incidence of complications or neuropsychiatric abnor-
malities 48 months following blood patch administration.

Chronic pain and HIV
Patients with HIV/AIDS experience pain either directly from
the disease process and related tumors and infections or as an
adverse affect from their antiviral medications. They may also
have pre- or coexistent chronic pain. In the past, pain in HIV
patients was grossly unrecognized and undertreated. Recently,
however, treatment of pain in HIV patients has improved with
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increased willingness on the part of the physicians to use
opiates.

Approximately 50%ofHIVpatients have pain that interferes
with quality of life. This statistic has been confirmed by numer-
ous studies, such as those byHewitt et al. and Breitbart et al.The
incidence of pain was found to increase with the progression
of disease symptoms and the decrease in CD4 T lymphocyte
count. Despite pain symptoms caused by antiviral medications,
patients who were not being treated by antiretroviral medica-
tions reported more pain. Ninety-three percent of patients in
an end-of-life hospice reported pain in a study done by Kim-
ball and McCormick. Of these patients, 88% received opioid
medication and 62% experienced relief from the same. Over-
all, studies show that inpatients with HIV have a higher rate
of pain than do ambulatory patients. Furthermore, the stud-
ies show that pain is poorly recognized and patients are under-
treated by the physicians, leading to deterioration of quality of
life and worsening of psychosocial well-being.

HIV/AIDS patients differ from other chronic pain patients
in that they are usually younger andmore active.Their pain syn-
drome is complicated by feelings of isolation, frustration, and
social withdrawal. Being infectedwith an incurable disease adds
significantly to this psychological state.The combination of feel-
ings leads to hopelessness, pain, despair, and anger.

Current recommendations for pharmacologic management
of pain in HIV/AIDS are based on expert opinion as a result
of randomized, controlled trials. Unfortunately, the population-
based outcomes are not yet available. Therefore these recom-
mendations may reflect the bias of specialists who primarily
treat inpatients in the terminal phase of disease.

There is no validated protocol to treat HIV-related pain.
There are many similarities between cancer and HIV patients
suffering from chronic pain. These similarities include the fol-
lowing:
1. The potential to enter a phase, after failure of curative

therapy, in which palliation becomes a goal;
2. Phases in which acute, episodic, procedure-related, or

chronic stable patterns may predominate;
3. Comorbidities, such as herpes zoster, or altered

pharmacokinetics that are caused by concurrent disease or
medications;

4. Worsening of suffering because of pain; and
5. Psychosocial issues, including isolation and depression.
There is consistent evidence validating the World Health Orga-
nization (WHO) pain ladder (see Fig. 176.2) as a tool for can-
cer pain management, and it serves as a good starting point for
managing HIV/AIDS-related pain.

Methicillin-resistant Staphylococcus aureus
MRSA has been a major cause of bloodstream infections in the
hospital and intensive care unit. In 2003, it was reported that
64.4%of infections inUS intensive care units were due toMRSA
causing higher mortality and increased cost. In a 2007 epidemi-
ologic study published by the Centers for Disease Control and

Interventional
     •Blocks (somatic, sympathetic)
     •Spinal medications
     •Spinal cord stimulator

Opioid for moderate to severe pain
     +/– Non-opioid
     +/– Adjuvant

Opioid for mild to moderate pain
     +/– Non-opioid
     +/– Adjuvant

Non-opioid
     +/– Adjuvant

Pain persisting or increasing

Freedom from Cancer Pain

Pain

Pain persisting or increasing

Pain persisting or increasing

1

2

3

4

Figure 176.2. The WHO analgesic ladder.

Prevention (CDC), the reported incidence of invasive MRSA
ranged from20 to 50 per 100,000 and approximately one-fourth
(26.6%) of these MRSA infections were hospital-onset infec-
tions.

Risk factors for hospital-onset infections were history of
hospitalization, history of surgery, residence in a long-term
care facility, and MRSA infection or colonization. Clinically,
the invasive MRSA infections presented as bacteremia (75.2%),
pneumonia (13.3%), cellulitis (9.7%), osteomyelitis (7.5%),
endocarditis (6.3%), and septic shock (4.3%). Mortality was
noted to be approximately 18%, the highest being for patients
with septic shock and/or pneumonia. Recurrent infections were
seen in approximately 13% of cases.

Vancomycin-resistant enterococcus (VRE)
VRE first emerged in the eastern United States in the early
1990s, and then a few years later was found in the western
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United States. According to the National Nosocomial Infection
Surveillance system, in 2003 VRE was responsible for approxi-
mately 28% of Enterococci infections in the intensive care unit.

The risk of a patient in the intensive care unit becom-
ing infected increases with the number of days the patient
is exposed to VRE and with the increase in the number of
other patients in the unit who are infected. In 2006, the CDC
published Management of Multidrug-Resistant Organisms in
Healthcare Settings. Representative studies quoted in this report
suggested that transmission rates of VRE, MRSA, and other
drug-resistant organisms can be decreased with aggressive and
sustained infection control interventions.

Protect self, patients, and staff
from spreading infection
In 2007, the CDC published updated guidelines for isolation
precautions and transmission prevention of infectious agents
in health care settings. This publication reaffirms the success of
standard precautions taken to prevent infectious disease trans-
mission. The report directs all caregivers to “assume that every
person is potentially infected or colonized with an organism
that could be transmitted in the healthcare setting and apply
the following infection control practices during the delivery of
health care.”

These guidelines emphasize the importance of hand hygiene
and personal protective equipment such as gloves, gowns, and
mouth, nose, and eye protection. Respiratory hygiene and
cough etiquette in health care settings is also detailed.
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Chapter

177 Alternativemedicines and anesthesia
Mary Ann Vann

Introduction
Herbs, vitamins, and supplementsmay potentially interact with
anesthetic drugs or cause unexpected responses to the stresses
of surgery or anesthesia. Typically patients do not volunteer
information on their use of these over-the-counter (OTC),
often mail order supplements or enhanced foods or drinks,
which may cause harm in the perioperative period. It is help-
ful to understand the risks that these supplements pose, iden-
tify which patients are likely users, anticipate problems, and
respond promptly to adverse events in the perioperative period.

Alternativemedicine
What is it?
A common type of alternative medicine uses nonprescription
herbs or supplements to replace traditional medications. Herbs
(also referred to as nutraceuticals) are “naturally bioactive com-
pounds” extracted from plants and usually ingested by patients
as dietary supplements (see Table 177.1). They are not manu-
factured or patented. Often these treatments arise from tradi-
tional knowledge, such as Chinese medicine or ayurveda from
India. The World Health Organization has taken the position
that these medications have stood the test of time, and thereby
should be considered safe and effective. These compounds
often have unproven benefits, however, because many alterna-
tive medicine proponents reject basic scientific methodology,
and few products have been scientifically studied. Patients may
choose herbs or supplements under false belief that, because
they are natural, they are safe and result in fewer side effects than
traditional medications. In homeopathy, another form of alter-
native medicine, preparations contain only minuscule amounts
of active compounds, which are intended to stimulate the body’s
defense mechanisms. These compounds rarely cause drug
interactions due to these extremely small amounts of active
ingredients.

How pervasive is it?
The use of alternative medicines varies among population
groups, geographic areas, ages, andmedical conditions. In 1997,
patients spent $27 billion for all alternative therapies and $5.1
billion for herbal products. It is believed that use peaked in the

early 21st century and has plateaued. Overall, 14% to 20% of
adults in the United States admit to use of nonvitamin dietary
supplements. Twenty-one percent of patients on prescription
medications, asmany as 27million patients, are at increased risk
of drug interactions due to combinations with herbs and sup-
plements. Even more disconcerting is the fact that 40% to 69%
of these patients mixing prescription medications with nonvi-
tamin dietary supplements do not report this use to their physi-
cians. The patients most likely to be using dietary supplements
aremiddle-agedwomenwho arewell educated and living on the
West Coast of the United States.The use of any other drug, pre-
scription or OTC, makes one more likely to use herbal supple-
ments. The medical conditions most frequently associated with
supplement use are menopause, gastrointestinal disorders, and
severe headaches or migraines. Patients least likely to combine
prescriptionmedications with supplements include elderly per-
sons (older than 65 years), persons with serious cardiac condi-
tions, such as coronary artery disease, a history of congestive
heart failure, or myocardial infarction, and persons living in
the Midwest or Southern portions of the United States. Among
surgical patients, the prevalence of use of herbal medicines or
supplements is higher than that of the general population for
plastic surgery patients and for women undergoing gyneco-
logic surgery. Some children are given nonvitamin dietary sup-
plements by caregivers who are also users, especially if they
consider the child to be chronically ill. Interestingly, patients
continue to take supplements even after they recognize that they
have not received any benefit from them.

Herbs, vitamins, and supplements are frequently marketed
on the Internet. Family members and the media usually serve
as the patient’s primary sources of information on herbs and

Table 177.1. Ten commonly used supplements

Gingko
St. John’s wort
Echinacea
Ginseng
Garlic
Saw palmetto
Kava kava
Valerian
Glucosamine
Chondroitin
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Table 177.2. Products containing herbs and supplements

Drinks: Energy drinks, juices, teas, water
Foods: Soups, smoothies, energy bars
Weight loss products
Body-building products
Hormonal replacements
Cold remedies

supplements. Supplements are available to the consumer in
many forms. Diet andweight loss products and alternative ther-
apies for commonmedical conditions, such asmenopause, high
blood pressure, arthritis, colds and flu, and diabetes, are often
sold in local drug stores (see Table 177.2). More recently these
products have moved into the supermarket in the forms of
energy drinks, teas, juices, soups, and even toothpaste. Stim-
ulants and hallucinogens have been marketed on the Internet
with names such as herbal ecstasy.

What are the risks?
Regulations
The US Food and Drug Administration (FDA) and the Cen-
ter for Food Safety and Applied Nutrition (CFSAN) regu-
late dietary supplements. Because these products are usually
extracts, they are not patented and thus not considered to be
drugs in the United States, but are regulated as such in many
European countries. The Dietary Supplement Health and Edu-
cation Act (DSHEA) of 1994 stipulated “good manufacturing
practices” to “assure potency, purity and consistency in the
product.” It also required the packaging to include a list of
ingredients and disclaimers that the product has “not been eval-
uated by the FDA” and is “not intended to diagnose, treat, cure
or prevent any disease.” CFSAN, however, bears the burden of
proof that a particular product is unsafe or mislabeled. Also,
they performonlyminimalmarketplace surveillance andmoni-
toring. In June 2007, CFSANannounced improved quality stan-
dards for supplements in the Interim Final Rule on Dietary
Supplement Current Good Practices. A study of the Internet, a
frequent source for supplement buyers, reported that 81% of
retail sites made health claims and half omitted the FDA dis-
claimer. Reporting of adverse effects from supplement use is
voluntary via the FDA MedWatch site. It has been suggested,
however, that this only captures approximately 1% of adverse
events associated with these products. The FDA process to ban
retail sales of ephedra in 2004 took many years and followed
16,000 reports of adverse effects and 150 deaths of ephedra
users.

Quality issues
The FDA’s efforts to enforce better quality standards for sup-
plements are in response to the multiple reports of poor qual-
ity and consistency of supplements as they relate to amounts
of active compounds and contamination.While inferior quality
supplements are sometimes manufactured in the United States

Table 177.3. Serious side effects of common supplements

1. Bleeding
Feverfew, gingko, ginseng, garlic, ginger, vitamin E

2. Hypotension/hypertension
Weight loss supplements, licorice

3. Arrythmias/electrolyte disturbances/volume depletion
Licorice, goldenseal, milk thistle

4. Hepatotoxicity
Kava kava, echinacea, black cohosh

5. Possible potentiation of anesthetic action
Valerian, Kava kava, St. John’s wort

6. Hypoglycemia
Ginseng, glucosamine

thosemade abroad are especially suspect. ConsumerLab, a sub-
scription Internet site, as well as other reliable investigators,
routinely test supplements sold in the United States for the
quantity and quality of active ingredients. Often supplements
are discovered to have fewer or no active ingredients, but occa-
sionally there is an excess, possible toxic amount of certain com-
pounds. On many occasions, supplements have been found to
contain ingredients not listed on the label, including significant
amounts of prescription drugs or other herbal preparations. A
study of ayurvedic herbalmedicine products produced in South
Asia and purchased in the Boston area showed that 20% of these
products contained potentially harmful amounts of lead, mer-
cury, and/or arsenic. Other contaminants reportedly found in
supplements include bacteria, pesticides, and glass.

Harmful reactions to supplements
Direct adverse effects (such as hepatotoxicity) may be caused by
certain nonvitamin supplements. Other products have had doc-
umented interactions with certainmedications. Adverse events,
such as increased bleeding, aremore likely to be revealed during
surgical procedures than during daily living (see Table 177.3).
The potential for drug interactions is higher in anesthesia than
in other areas of medicine because the risk of adverse events
increases exponentially with the number of drugs a patient
receives.

Hypertension is a common response to weight loss supple-
ments. Despite the removal of ephedra from the market, these
products remain a source for concern because the alternative
ingredients in these preparations often have harmful effects.
Frequently these products combine several substances with
similar stimulant effects such asmethylxanthines (e.g., caffeine)
and synephrine. Other compounds in these supplements with
potential hypertensive effects include green tea extract (caf-
feine), bitter orange extract (synephrine and methyltyramine),
and DMAE (dimethylaminoethanol). Some of these stimu-
lants can lead to depletion of endogenous catecholamine stores,
which may result in a downregulation of receptors. This sce-
nario (often seen with ephedra use) causes refractory hypoten-
sion under anesthesia that requires treatment with large doses
of direct acting sympathomimetics.

Interferencewith platelet function is seenwith several herbs,
leading to a potential for bleeding in the perioperative period.
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Therefore, the American Society of Anesthesiologists (ASA)
statement that all herbs and supplements should be discon-
tinued 2 weeks before surgery is similar to that for potent
antiplatelet drugs, such as ticlopidine. The combination of sup-
plements and prescriptions or OTC drugs with antiplatelet
effects, such as aspirin, is even more reason for concern for
bleeding events.

Drug interactionsmay occur between supplements and pre-
scription medications or anesthetics. St. John’s wort induces
the metabolism by the P450 cytochrome system, which leads
to decreased levels of certain prescription drugs. If this supple-
ment is discontinued in the perioperative period, one must be
watchful for potentially elevated levels of other drugs such as
digoxin. Also, increased metabolism of isoflurane was found in
patients taking St. John’s wort, leading to a concern for potential
toxicity due to elevated levels of metabolites.

Potentiation of anesthetic action is another concern, espe-
cially with supplements taken for sedation, which may alter
neurotransmission.These supplements include valerian or kava
kava.No evidence for this interaction has been discovered in the
few studies of these substances, but case reports of interactions
with anesthetics exist.

Hepatotoxicity of certain supplements may be a concern if
these potentially toxic effects are not recognized before surgery.
Kava kava has been banned in Europe and Canada due to mul-
tiple reports of liver failure, but is still available in the United
States. Echinacea and black cohosh have been associated with
liver damage in some case reports.

Electrolyte disturbances and resultant arrhythmias have
been noted with licorice, milk thistle, and goldenseal.

Common supplements in
the perioperative period
Although the ASA recommends that all herbs and supple-
ments be discontinued at least 2 weeks preoperatively, often
patients are not informed of these risks in time. A more mea-
sured approach is described below, and when there is con-
flicting information as to the best time to discontinue a sup-
plement, a range is listed. The recommendations by Ang-
Lee and others to discontinue supplements or herbs with
antiplatelet effects 1 week prior to surgery will allow production
of adequate numbers of normal platelets to prevent abnormal
bleeding.

Gingko (Gingko biloba)
Often taken by patients for memory enhancement, gingko may
decrease symptoms for patients suffering from peripheral vas-
cular disease. It has been proven to be beneficial for patients
with cognitive disorders, such as Alzheimer’s disease. Gingko
has antiplatelet effects and has been associated with sponta-
neous bleeding when combined with other anticoagulants and
aspirin.
Recommendation: Discontinue (D/C) 1 week prior to surgery

Ginseng (Panax ginseng)
This Asian root is used as a stimulant, to protect the
body against stress, to restore homeostasis, and to treat
some menopausal symptoms. It has steroid-like effects and
may cause hypoglycemia, Stevens–Johnson syndrome, and
decreased blood concentrations of warfarin and ethanol. It
inhibits platelet aggregation.
Recommendation: D/C 1 week prior to surgery

Garlic (Allium sativum)
Extracts of garlic are often used to stave of symptoms of heart
disease due to its lipid-lowering and vasodilatory effects. Garlic
causes a dose-related inhibition of platelet aggregation.
Recommendation: D/C 1 week prior to surgery

St. John’s wort (Hypericumperforatum)
This supplement has been proven effective for the short-term
treatment of mild to moderate depression. It inhibits the
reuptake of serotonin, norepinephrine, and dopamine. Sero-
tonin syndrome has been reported in patients combining St.
John’s wort with certain selective serotonin reuptake inhibitors.
It induces the metabolism by the P450 cytochrome system.
Case reports describe subtherapeutic levels of benzodiazepines,
theophylline, amitriptyline, cyclosporine, warfarin, protease
inhibitors, estrogens, chemotherapy agents, and digoxin in
patients using St. John’s wort. If this supplement is discontinued
in the perioperative period, one must be watchful for elevated
levels of these other drugs.
Recommendation: D/C 5 days prior to surgery

Kava kava (Pipermethysticum)
This supplement is often taken for antianxiety and muscle
relaxant purposes. It has led to hepatic failure in some users,
however. It potentiates � -aminobutyric acid inhibitory neuro-
transmission and could potentiate anesthetic actions. It inhibits
thromboxane synthetase.
Recommendation: D/C 24 hours to 2 weeks prior to surgery

Saw palmetto (Serenoa repens)
In studies this supplement has been found to be beneficial for
the symptoms of early benign prostatic hypertrophy. There is
one case in the literature of intraoperative hemorrhage in a
patient taking this supplement.
Recommendation: D/C 24 hours to 2 weeks prior to surgery

Echinacea (Echinacea purpura)
Thought to be immunostimulating, this supplement has not
been found to be effective for prevention or treatment of
colds. It should be avoided in patients requiring perioperative
immunosuppression, such as transplant patients. It has been
found to potentiate the hepatotoxic effects of other drugs, and
it inhibits the P450 cytochrome system.
Recommendation: D/C 24 hours to 2 weeks prior to surgery
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Feverfew (Tanacetumparthenium)
Useful for prevention and treatment of migraine headaches,
this supplement has antiplatelet activity that may lead to bleed-
ing in the perioperative period. Also, when feverfew is discon-
tinued, some patients may experience withdrawal symptoms,
which may be treated with benzodiazepines.
Recommendation: D/C � 2 weeks prior to surgery to allow for
weaning period

Ginger (Zingiber officinale)
In studies ginger has been found ineffective for prevention or
treatment of postoperative nausea and vomiting despite its pur-
ported success for treatment of motion sickness and nausea.
This supplement inhibits thromboxane synthetase andmay lead
to perioperative bleeding.
Recommendation: D/C 1 week prior to surgery

Glucosamine
Often found in supplements with chondroitin, glucosamine is
used to relieve symptoms of osteoarthritis. In diabetic patients,
it may increase insulin resistance, but in nondiabetic persons
its structural similarity to human insulin may lead to hypo-
glycemia.
Recommendation: D/C 24 hours prior to surgery

Valerian (Valeriana officinalis)
Patients suffering from insomniamay take valerian. It increases
activity at� -aminobutyric acid receptors.There are case reports
of interaction with barbiturates, and there could be possible
potentiation of anesthetic action.
Recommendation: D/C 1 to 2 weeks prior to surgery

Goldenseal (Hydrastis canadensis)
This supplement has been used to improve digestion, treat
ulcers, and act as a natural antibiotic. It causes sodium deple-
tion and potentiates diuretic effects of other drugs, however. It
also inhibits the P450 cytochrome system.
Recommendation: D/C 2 weeks prior to surgery

What you can do
Education about these herbs is vital to preventing adverse
effects from supplements in the perioperative period. Knowl-

edge of herbs and supplements and their effects has been
shown to be poor, however, in both anesthesiologists and plastic
surgeons. Identification of patients likely to be users of these
products is important because the information will not be vol-
unteered. Personal and specific questions about supplement
use need to asked by health care workers in the preoperative
areas. Some of these products should be discontinued, and thus
patients need to be questioned prior to arrival. Patients should
also be instructed to bring bottles or boxes from the products
to the physician for proper identification of the ingredients.
Because not every case in which patients are taking herbs and
supplements will be recognized or cancelled, Table 177.3 cov-
ers some of the adverse effects that may result from these prod-
ucts. When necessary, act with appropriate treatments, based
on knowledge about the supplements. Remember that patients
as well as health care workers often may not know what is in
the bottle, due to poor regulations and quality control of these
supplements.
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Chapter

178 Anesthesia at high altitudes
Pankaj K. Sikka

Anesthesia administration at high altitudes is challenging and
poses several risks to patients, compared to anesthesia adminis-
tered at sea level. Approximately 10million people live at an alti-
tude of greater than 13,000 feet, the majority in South America
and theHimalayan region ofAsia. In addition to people living at
high altitudes, whomay require anesthesia for various illnesses,
high altitude anesthesia administrationmay be required for avi-
ation or mountaineering accidents or for troops moved from
the plains to high altitudes. The latter is even more challenging
as often the patients are not physiologically acclimatized to the
high altitude.

Physiologic changes at high altitudes
Respiratory system
The atmosphere contains approximately 21% oxygen at sea
level. At higher altitudes, although the atmosphere still contains
21% oxygen, the number of molecules decreases, leading to a
lower partial pressure of oxygen in ambient air (PO2 at 760 mm
Hg/sea level = 160 mm Hg, at 540 mm Hg (e.g., Denver), PO2
= 113 mm Hg). To compensate for the lower PO2 at high alti-
tudes, three main mechanisms become operative. These com-
pensatorymechanisms are (1) decreased tissuemetabolism due
to the decreased availability of oxygen, (2) adjustment of oxy-
gen transport characteristics (Table 178.1), and (3) hyperven-
tilation, which usually increases the alveolar oxygen tension by
25% to 30%.Therefore, the final PO2 inmixed venous blood of a
person at a high altitude is similar to that of a person at sea level.

Lower alveolar PO2 at high altitudes causes the stimulation
of peripheral chemoreceptors, which causes an increase in
ventilation. Increased ventilation is the primary mechanism
for increasing the oxygen availability to the tissues. Oxygen
delivery to tissues is facilitated by an increase in red blood
cell 2,3-diphosphoglycerate. This increase shifts the oxygen–
hemoglobin dissociation curve to the right, allowing red cells
to more easily unload oxygen in tissues. At high altitudes,
however, respiratory alkalosis occurs, which shifts the oxygen–
hemoglobin dissociation curve to the left, allowing oxygen to
be more easily taken up by red blood cells in the pulmonary
circulation.

The PO2 gradient decreases from the ambient air (inspired)
to the mitochondria. This is known as the oxygen cascade. The

gradient ismuch steeper in a person at sea level than in a person
at a high altitude (Fig. 178.1). The final PO2 in mitochondria is
approximately 1 to 2 mm Hg, below which there is a shift from
aerobic to anaerobic metabolism.

Persons ascending to high altitudes exhibit (normal) symp-
toms, which include hyperventilation, dyspnea on exertion, and
periodic breathing. Periodic breathing (Cheyne–Stokes breath-
ing) is characterized by periods of hyperpnea followed by apnea
(alternating cycles), and most often occurs during sleep. Apnea
may last anywhere from 3 to 15 seconds. Periodic breathing
is thought to occur due to a decrease in cortical influence on
respiration during sleep. Periodic breathing may decrease with
acclimatization, but usually resolves on descent to a lower alti-
tude. Acetazolamide, a respiratory stimulant, may be effective
in decreasing periodic breathing.

Cardiovascular system
Acclimatization (physiologic adaptation) changes at high alti-
tudes begin to take place in approximately 2 to 3 weeks and
take months to complete. The decreased PO2 in ambient air
at high altitudes leads to an increase in red blood cell produc-
tion.The hematocrit increases from approximately 45% to 65%
(hemoglobin increases from approximately 15 g/dl to 22 g/dl),
and the bone marrow becomes hyperplastic. In addition, there
is an increase in the production of erythropoietin by the kidney,
which stimulates the production of red blood cells. Cardiovas-
cular changes at high altitudes are summarized in Table 178.2.

The plasma volume decreases by approximately 10% to 20%
because of movement of fluid out of the vascular compartment
into the interstitial compartment. The resulting hemoconcen-
tration results in an increased oxygen carrying capacity of the
blood. Cardiac output initially increases due to hypoxia-driven
stimulation of the sympathetic nervous system.The increase in
cardiac output is mainly due to an increase in the heart rate, as

Table 178.1. Oxygen transport changes at high altitude

Increase in pulmonary oxygen diffusion capacity by three- to fourfolda

Increase in pulmonary capillary blood flow
Increase in lung volume and surface area of alveolar membrane
Increase in blood supply to upper lobes of lung

aNormal oxygen diffusion capacity is 21 ml/mm Hg/min.
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Figure 178.1. Oxygen cascade at sea level.

stroke volume decreases due to a decrease in the plasma vol-
ume. The increased sympathetic nervous system activity also
increases systemic blood pressure, peripheral vasoconstriction,
andmetabolic rate.Within a few weeks of exposure to high alti-
tudes, cardiac output tends to normalize as a result of decreased
sympathetic nervous system activity (decrease in relative heart
rate, increase in plasma and stroke volume).

High altitude may cause the following pulmonary changes.
First, pulmonary arterial pressure increases because of the
lower barometric pressure and decreased partial pressure of
oxygen, causing constriction of the pulmonary vasculature.
Second, this pulmonary vasoconstriction is patchy with some
areas in the lung receiving overperfusion, thereby causing
leakage of fluid. Also, due to the increased pulmonary arterial
pressure and blood viscosity, there is capillary endothelium
damage, again causing leakage of fluid. Third, there is an
increased incidence of fibrin thrombi formation in the lungs
due to an increase in plasma fibrinogen levels. And fourth,
there is an increased production of oxygen free radicals causing
oxidation of alveolar intracellular lipids and mitochondrial cell
membranes.

All of these changes at high altitudes make a person prone
to developing a noncardiogenic pulmonary edema, or in other
words, high altitude pulmonary edema (HAPE), which is char-
acterized by the presence of an elevated pulmonary artery pres-
sure and normal ventricular function. HAPE usually occurs on
rapid ascent to altitudes of 8000 feet and manifests during the
first 2 to 4 days. The mechanisms of HAPE are summarized in
Fig. 178.2.

Diagnosis of HAPE can be made by the presence of any two
of the symptoms and signs shown in Table 178.3. Oxygen satu-
ration will be significantly lower than normal, the value being
altitude dependent. Healthy individuals may have oxygen satu-
ration values of 80% to 85% at high altitudes, and with HAPE
the valuesmay drop to 50% to 60%. Arterial blood gasmeasure-
ments will show hypoxemia, hypocapnia, and a slight increase
in pH. Multiple patchy infiltrates on a chest radiograph, the

Table 178.2. Cardiovascular changes at high altitude

Increase in hematocrit
Decrease in plasma volume
Increase in cardiac output (initial)
Increase in pulmonary artery pressure
Increased incidence of CHF

presence of fever, and leukocytosis common with HAPE may
be misdiagnosed as pneumonia.

Definite treatment of HAPE is urgent descent to a lower alti-
tude. Treatment includes oxygen, bed rest, morphine, diuretics
(furosemide), calcium-channel blocker (e.g., nifedipine)–
induced pulmonary vasodilation, and hyperbaric oxygen, if
available. It is important to remember that morphine can de-
press respiration and that diuretics can aggravate dehydration,
if present.

Dehydration is common at high altitudes due to increased
insensible water loss from the respiratory tract and skin, low
humidity in cold weather, and a decreased thirst sensation. It
should be remembered that dehydration could aggravate symp-
toms and signs of coexisting diseases. High altitude–related
peripheral edema is a benign condition thought to occur as
result of hypoxia-induced sodium and water retention. This
condition can be treatedwith descent to a lower altitude, diuret-
ics or acetazolamide, and salt restriction. Hypoxia-induced
polycythemia and clotting abnormalities can lead to throm-
boembolic events at high altitudes, such as thrombophlebitis,
deep vein thrombosis, or transient ischemic attack (TIA). Cold,
dehydration, venous stasis, and inactivity can aggravate these
events. Treatment includes adequate hydration, descent to a
lower altitude, and subcutaneous heparin.

Central nervous system
Cerebral blood flow at high altitudes is a balance between
hypoxia-induced vasodilation and hypocapnia-induced vaso-
constriction (hypocapnia from hypoxia-induced hyperventila-
tion). Persons ascending to a higher altitude may exhibit acute
mountain sickness (AMS), a spectrum of illness, which is self-
limiting and usually resolves in 3 to 7 days. AMS is thought to
occur due to hypoxia-induced subclinical cerebral edema, with
rapid ascent to altitudes of 6000 feet. AMS is characterized by
the presence of a symmetric, global, and throbbing headache
plus one of the following symptoms: loss of appetite, nausea,
fatigue, dizziness, or insomnia.

Table 178.3. High altitude pulmonary edema (HAPE)

Symptoms Signs

Dyspnea at rest Lung crackles
Decreased exercise performance Tachycardia
Chest congestion Tachypnea
Cough (pink frothy sputum) Cyanosis
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Figure 178.2. Mechanisms of HAPE.

Treatment of AMS includes descent to a lower altitude,
rest, supplemental oxygen, analgesics (headache), prochlorper-
azine (nausea), dexamethasone, and acetazolamide (which has
been shown to accelerate acclimatization). Acetazolamide is a
carbonic anhydrase inhibitor, which produces metabolic aci-
dosis by causing renal excretion of bicarbonate. It also alters
the pH of the cerebrospinal fluid, thereby stimulating the
respiratory centers in the brain. It should be remembered that
acetazolamide is a sulfa-based drug.

A severe form of AMS may lead to high altitude cerebral
edema (HACE). The decreased availability of oxygen at high
altitudes causes cerebral vasodilation and may lead to cere-
bral edema. Hypoxia increases the permeability of the blood–
brain barrier (vasogenic cerebral edema) and also an alteration
in intracellular fluid distribution (cytotoxic edema). Patients
will have symptoms of AMS, gait ataxia, and mental function
changes, leading to altered behavior; depression; speech, visual,
and/or sleep disturbances; hemiparesis; or coma. HACE is a
medical emergency and can lead to death.

The definitive treatment is urgent descent to a lower alti-
tude, which should be carried out as soon as possible. If descent
is prevented due to bad weather or terrain, temporary mea-
sures include treatment with dexamethasone, acetazolamide,
diuretics (cautionwith volume status), a high-carbohydrate diet
(increase CO2 production), supplemental oxygen, and simu-
lated descent in portable hyperbaric chamber, if available.

Other nervous system disturbances at high altitudes include
hypothermia (core body temperature less than 35◦C), which
can lead to cardiac arrhythmias, platelet dysfunction, and cold
injuries. In addition, immune suppression may lead to poor
wound healing and persistence of skin and tissue bacterial
infections. A sudden and massive central nervous system sym-
pathetic discharge can lead to neurogenic pulmonary edema,
as a result of blood being shifted from the high-resistance
systemic circulation to the low-resistance pulmonary circula-
tion. Blood pressure surges within distended retinal vessels can
cause high-altitude retinal hemorrhages. These hemorrhages
are usually self-limiting and resolve by descent to a lower
altitude.

Anesthetic concerns at high altitudes
Perioperative hypoxia is more common at high altitudes due
to the low atmospheric PO2, especially in newcomers more so
than in acclimatized individuals. Major operations tend to be
less numerous at high altitudes because of the scarcity of surgi-
cal personnel and the number of major hospitals. Fluid resusci-
tation (warmed to body temperature) should be done carefully
in patients because of the increased risk of developing HAPE,
as discussed earlier in this chapter. Patients’ increased tendency
to bleed is attributed to a high venous pressure, vasodilation,
and increased capillary density. Facilities for blood transfusion
should be available, as far as possible. Anemia should be cor-
rected before performing elective operations. Infections, frost-
bite, wound healing, and hypothermia are more common at
high altitudes (Table 178.4).

Acute trauma is a major hazard at high altitudes. Falls
are common as hypoxia and cold can impair judgment and
physical and mental performance. Coexisting diseases, such
as chronic obstructive pulmonary disease (COPD), congestive
heart failure (CHF), valvular heart disease, and coronary artery
disease, may get aggravated on exposure to high altitudes.
High-risk pregnancies, sickle cell trait, or presence of a respi-
ratory tract infection may be aggravated on exposure to high
altitudes.

Any drug that interferes with oxygen delivery at high
altitudes will increase the risk of hypoxia-induced effects
and injuries. Such substances include caffeine, tobacco, and
alcoholic beverages. Tobacco smoke increases carboxyhe-
moglobin levels (which interferes with oxygen delivery to

Table 178.4. Anesthetic concerns at high altitude

Prone to hypoxia
Scarcity of surgical teams
Elective surgeries in acclimatized patients
Risk of developing pulmonary edema with fluid resuscitation
Increased tendency to bleed
Increased risk of hypothermia
Increased risk of infection
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tissues) and causes peripheral vasoconstriction, thereby
increasing the risk of cold injuries. Alcoholic beverages,
caffeine, and diuretic medications induce diuresis and can
aggravate the effects of dehydration at high altitudes. Alcohol
can also alter mental status (leading to errors in judgment
and injuries), hypoglycemia, heat loss, and depression of
respiration. In addition, the use of sedatives and tranquilizers
will aggravate the effects of hypoxia by depressing respiration.

Premedication, induction agents,
and muscle relaxants
Patients at high altitudesmay bemore sensitive to the depressive
effects of opioids and benzodiazepines. Therefore, these drugs
should be used more cautiously. Supplemental oxygen should
be provided and readily available. It is important to remember
that patients at high altitudes may bemore anxious due to lone-
liness and isolation.

Induction agents at high altitudes should also be used
cautiously. Because of hypothermia and a slow metabolism,
their effects may be prolonged and recovery may be delayed.
Ketamine may be a more useful drug at high altitudes, not only
due to its analgesic effects but also because of its lower ten-
dency (than that of other agents) to depress respiration. Muscle
relaxants can be safely used for intubation and maintenance of
anesthesia. It should be remembered, however, that hypother-
mia could slow their metabolism and, therefore, prolong their
effects.

Inhalational agents
Nitrous oxide loses potency at high altitudes. Therefore, its
anesthetic and analgesic effects are reduced at high altitudes. It
is important to remember that potency of inhalational agents is
proportional to their partial pressure and not their percentage
of mixture in oxygen.

Except for the Tec 6 Plus desflurane vaporizer (GE Health-
care), in all other vaporizers the output of the anesthetic agent
(in mm Hg) at high altitude remains close to the output at sea
level because of two physical principles.

Principle 1
The depth of clinical anesthesia is determined by the partial
pressure of the anesthetic agent in the brain, which in turn
is determined by the inspiratory partial pressure. At sea level,
where the atmospheric pressure is 760 mm Hg, the inspiratory
partial pressure of isoflurane at 1% dial setting is 7.6 mm Hg
(1% × 760). At higher altitudes, where atmospheric pressure
is lower (e.g., 540 mm Hg in Denver, CO), the vaporizer out-
put as inspiratory partial pressure (in mm Hg) will be 5.4 mm
Hg for the same dial setting. This is not enough to maintain

similar clinical anesthesia depth at sea level. The second prin-
ciple, however, overcomes this effect.

Principle 2
The output of the anesthetic agent from a vaporizer depends
on the ratio of vapor pressure of the agent to the atmospheric
pressure. For isoflurane, this ratio is approximately 1:3 (isoflu-
rane vapor pressure is 240mmHg relative to 760mmHg atmo-
spheric pressure) at sea level. At higher altitudes (e.g., Denver,
CO), this ratio decreases to approximately 1:2 (isoflurane vapor
pressure is 240 mm Hg relative to 525 mm Hg atmospheric
pressure). Because of this, the carrier gases passing through the
bypass vaporizer will pick up relatively more anesthetic agent
at higher altitudes than at sea level.Therefore, the actual output
(as a percentage) will be higher than the set dial percentage and
will result in a higher inspiratory partial pressure. This mecha-
nism will compensate for the effect of principle 1. Because the
anesthetic depth is dictated by partial pressure, contemporary
vaporizers function equally well despite the altitude changes.

In other words, except for the Tec 6 desflurane vaporizer, all
contemporary variable bypass vaporizers are temperature and
pressure (altitude) compensated. The Tec 6 vaporizer will still
deliver the dialed volume percentage at higher altitudes, but as
soon as desflurane is exposed to the ambient pressure at high
altitude, its partial pressure will decrease. Therefore, the Tec 6
vaporizer has to be dialed up (please see Eqn. 1) to deliver the
same partial pressure of desflurane at high altitude.

Final dial setting (Tec 6)
= dial setting required

× 760 mmHg/ambient pressure mm Hg (1)

Emergence from anesthesia
Emergence from anesthesiamay be delayed because of the pres-
ence of coexisting diseases, hypothermia, and/or hypoxia. Ade-
quate postoperative facilities should be available for surgeries
performed at high altitudes.
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Chapter

179 Practical considerations for the anesthesiologist
in flight
Christopher W. Connor and Massimo Ferrigno

Approximately 2 billion passengers fly on commercial aircraft
each year, and a significant in-flight incident will befall up to 1
in 10,000. Passenger deaths are fortunately uncommon, with an
incidence of up to 1 in 3 million passengers. As the average age
and number of passengers carried on a single flight increase,
however, it is likely that physicians will be called on more
frequently to provide assistance to fellow travelers in medical
distress.

This chapter describes two scenarios: providing medical
assistance to an unknown passenger on a commercial flight
and taking care of a patient in an air ambulance. In com-
mon are the environmental and physiologic stresses of flight
itself:

1. Decreased oxygen pressure:The decrease in atmospheric
pressure with altitude is accompanied by a decrease in
partial pressure of oxygen and, consequently, in arterial
oxygen saturation. Modern commercial aircraft cruise at
altitudes between 28,000 and 45,000 feet; Federal Aviation
Administration (FAA) rules require pilots flying above
35,000 feet in a pressurized craft to have oxygen masks that
can be placed on the face with one hand in 5 seconds,
before becoming incapacitated from hypoxia if
pressurization is lost. Pressurization on commercial flights
is not to sea level, but rather to an altitude commonly
ranging from 5000 to 8000 feet (1524–2438 meters) above
sea level; at 8000 feet, arterial oxygen saturation will be
approximately 90%.The decrease in partial pressure of
oxygen during flight may provoke distress in patients with
compromised cardiovascular and/or respiratory function
(Fig. 179.1); it can also trigger a sickling crisis in
susceptible patients.

2. Changes in barometric pressure: During ascent, gas
expands, whereas its volume decreases during descent.
Therefore, during ascent, expanding gas, unable to escape
from body cavities, may exert pressure on surrounding
structures. The volume of trapped gas can increase by 30%,
which is of particular concern for patients who may have
pneumothorax, pneumocephalus, or ileus. The Aerospace
Medicine Association suggests that patients “should delay
commercial air travel for 2 to 3 weeks after radiographic
resolution of pneumothorax,” because of the danger of
developing a tension pneumothorax (Fig. 179.1). In the

case of medical air evacuation, the US Air Force
recommends waiting for at least 24 hours to fly after chest
tube removal, preferably with chest radiographs
documenting absence of extra-alveolar air. All of these
guidelines are arbitrary, lacking any scientific or clinical
evidence. In fact, there is a wide variety of physicians’
recommendations for air travel in patients with
postoperative extra-alveolar air (pneumothorax and/or
pneumomediastinum), with a more permissive attitude in
the case of pneumomediastinum.

A similar inability to equilibrate pressure during descent is
a common cause of ENT problems. Changes in barometric
pressure may also affect the operation of medical
equipment.

3. Decreased humidity:The higher the altitude, the cooler
and, consequently, the drier the air (particularly on a small
aircraft in which, after 4 hours of flight, relative humidity is
less than 1%, whereas on a commercial aircraft it typically
ranges between 10% and 20%). This dry air may dry
secretions and worsen a patient’s respiratory
status.

4. Confined spaces:The dimensions and crowding of a
commercial aircraft pose a particular challenge. Prolonged
immobilization may predispose to deep vein thrombosis
(DVT). Also, it is often difficult to obtain a suitable level of
privacy for a physician to perform a thorough history and
physical examination, and it may be difficult to lay the
patient flat.

5. Noise: Particularly in small aircrafts, noise may not only
prevent a patient’s examination (e.g., blood pressure
cannot always be determined by auscultation with a
stethoscope and it may have to be palpated), but it can also
interfere with effective communication with patient and/or
crew.

6. Fatigue: All the stresses of flight, including jet lag,
contribute to fatigue and can worsen a patient’s clinical
condition.

7. Thermal changes:These changes are more likely to occur
in small aircraft, especially during en route stops when the
aircraft door is opened. In these cases, the patient needs to
be protected appropriately.
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Changing Catm results in hypoxemia,
tension pneumothorax, and

respiratory distress

Descent to 22,500 ft
to improve PaO2

Catm 760 mm Hg
PaO2 98 mm Hg

Rapid landing at
nearest airport

Ascent to
cruising altitude

50,000 ft

40,000 ft

30,000 ft

20,000 ft

10,000 ft

Sea Level

Catm 565 mm Hg
PaO2 55 mm Hg

Catm, cabin atmospheric pressure; PaO2, partial pressure of oxygen.

Patient distress
prompts early

landing decision

Catm 760 mm Hg
PaO2 98 mm Hg

Figure 179.1. A clinical scenario of in-flight hypoxia and tension pneumothorax developing during ascent and responding to a decrease in altitude. Cabin
pressure can be maintained at sea level up to 22,500 feet (Modified from Cheatham ML, Safcsak K. Air travel following traumatic pneumothorax: when is it safe?
Am Surg 1999; 65(12):1160–1164.)

8. Vibration (particularly in older and smaller aircraft): It
may increase metabolic rate in a patient equivalent to the
level of gentle exercise.

9. Inertial forces: Acceleration and deceleration along
longitudinal axis during takeoff and landing have the
potential to be detrimental to a patient with head and/or
spinal cord trauma. Having the patient’s head facing aft
during flight, when possible, may help in this regard.
Furthermore, a patient needs to be secured with extra
padding on vulnerable areas (like the abdomen in case of
side-facing or rear seats during medical evacuation
flights).

Because of the stresses associated with flying, the Aerospace
Medical Association has published a list of contraindications
to commercial air travel (Table 179.1) and of indications for
medical oxygen in flight (Table 179.2). As a general rule, unsta-
ble patients should not fly. With so many patients flying nowa-
days, however, a medical event may happen independently of
the stresses imposed by flight.

In-flight emergencies
The cabin crew handles approximately 70% of in-flight requests
for medical assistance, with the commonest problems being
diarrhea and nausea. In the remaining 30% of cases, the cabin
crew seeks consultation from passengers with some medical
training, with physicians being available in 85% of in-flight
medical emergencies as reported in a 1991 FAA study. The
anesthesiologist’s unique knowledge and skills are particularly

Table 179.1. Contraindications to commercial air travel

Category Contraindication

General Low probability of surviving
Any contagious disease
Unstabilized behavioral problem

Cardiovascular Myocardial infarction within the previous 3 wk
Unstable angina
Coronary artery bypass graft within previous 2 wk
Decompensated heart failure
Uncontrolled arrhythmias

Pulmonary Contagious pulmonary infection
Baseline partial pressure of arterial oxygen < 70
mm Hg at sea level without supplemental
oxygen
Exacerbation of obstructive or restrictive lung
disease
Large pleural effusion
Pneumothorax within previous 3 wk

Neurologic Cerebrovascular accident within previous 2 wk
Uncontrolled seizures

Surgical Gastrointestinal, thoracic, otorhinolaryngologic, or
neurologic surgery within previous 2 wk

Pregnancy 35 weeks’ gestation
Complicated pregnancy

Pediatric First week after birth

Other Severe anemia (hemoglobin level < 8.5 g/dl)
Sickle cell crisis
Decompression sickness

Modified from Aerospace Medical Association. Medical Guidelines for Airline
Travel, 2nd ed. Aviat Space Environ Med 2003; 74(5 Suppl):A1–19 and Gen-
dreau MA, DeJohn C. Responding to medical events during commercial air-
line flights. N Engl J Med 2002; 346(14):1067–1073.
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Table 179.2. Indications for medical oxygen during commercial airline
flights

1. Use of oxygen at baseline altitude
2. CHF NYHA class III–IV or baseline PaO2 < 70 mg Hg
3. Angina CCS class III–IV
4. Cyanotic congenital heart disease
5. Primary pulmonary hypertension
6. Other cardiovascular diseases associated with known baseline hypoxemia

CHF, congestive heart failure; NYHA, New York Heart Association; CCS, Cana-
dian Cardiovascular Society.
From Aerospace Medical Association. Medical Guidelines for Airline Travel,
2nd ed. Aviat Space Environ Med 2003; 74(5 Suppl):A1–19.

valuable during in-flight emergencies when a physician may be
faced with many uncertainties, including:

� the conditions and medical history of the patient,
� the type and paucity of medical equipment and

medications available on board,
� the real possibility of being unable to establish a diagnosis

in the absence of diagnostic tools,
� the patient’s response to the physiologic stresses associated

with flying,
� the type of training and background of persons offering

assistance,
� the legal aspects of providing medical care in-flight and of

possibly having to divert a flight, and
� the security aspects of managing a violent patient.

In an evenmore dramatic situation, the anesthesiologist may be
called to help simultaneouslywithmore than onemedical emer-
gency, as in the case of food poisoning. As for the diagnostic
equipment available on commercial flights, it may well be lim-
ited to a sphygmomanometer and stethoscope. US airlines have
beenmandated to carry automatic external defibrillator devices
(AEDs) sinceApril 2004, and somemodels ofAEDsmaydisplay
a rudimentary electrocardiogram.

With regard to the types of medical problems affecting
passengers, Fig. 179.2 shows their distribution according to
two recent studies: the FAA data for US carriers and the
British Airways data. As there is no consensus on the defi-
nition of a “medical incident,” the FAA data may underesti-
mate the frequency of themore commonminor gastrointestinal
complaints.

Overall, the commonest incidents are gastrointestinal
problems, followed by vasovagal syncope events, cardiac,
neurologic, and respiratory symptoms and trauma; with some
minor frequency variation across various studies. Trauma com-
monly consists of injuries caused by luggage items falling from
overhead storage bins, but it also includes burns from spillage of
hot liquids. In some cases, the patient is a member of the cabin
crew suffering from workplace injuries (e.g., those caused by
lifting or maneuvering heavy equipment within cramped con-
ditions). With regard to in-flight deaths, the commonest causes
appear to be cardiac disorders and stroke.

Figure 179.2. Distribution of the causes of medical incidents aboard
commercial aircraft.

As for medications, medical equipment, and supplies avail-
able on commercial flights, US airlines have been required since
1998 to carry both basic first aid kits and an expanded in-flight
medical kit for use by medical professionals. The contents of
these kits are shown in Table 179.3.

Similar requirements have been placed on European air-
lines, and Table 179.4 shows minimum medical equipment
mandated by the European Joint Aviation Authorities (JAA).

In practice, these requirements serve only as a minimum,
and airlines may well carry far more extensive medical supplies
to satisfy the legal operating requirements of their many des-
tinations. As an example, the contents of the Virgin Airlines
emergency medical kit are shown in Table 179.5.

Supplemental oxygen is almost always available for use,
although the devices by which it can be administered may be
limited to a simple face mask or nasal cannulae.The cabin pres-
sure can often be brought to sea level by reducing the flight alti-
tude to 22,500 feet or less; the cabin pressurization system can
usually correct the internal pressure to sea level up to this flight
altitude but not from themore commoncruising altitudes above
30,000 feet.

Of concern to anesthesiologists may be the lack of intu-
bating equipment to establish a definitive airway in the above
equipment lists, with the consequent possible need to main-
tain an unprotected airway for a protracted period of time
in an unconscious or unresponsive patient. The airline Qan-
tas provides intubating equipment on long-haul flights, and
British Airways carries a small amount of equipment tomanage
uncomplicated births, although the incidence of in-flight child-
birth is extremely low.The kits are tailored for use by the general
practitioner without training in emergency airway manage-
ment, and there is a concern that using medications and equip-
ment that require specialized training may end up harming
the patient. Hence only subtoxic doses of local anesthetics are
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Table 179.3. Mandated minimummedical equipmenta for US airlines

FIRST AID KITS
According to the new rule for aircraft registered in the United States, there

must be one to four onboard first aid kits, depending on the number of
passenger seats. In general, each first aid kit must contain the following:

Contents Quantity
Adhesive bandage compresses, 1-in 16
Antiseptic swabs 20
Ammonia inhalants 10
Bandage compresses, 4-in 8
Triangular bandage compresses, 40-in 5
Arm splint, noninflatable 1
Leg splint, noninflatable 1
Roller bandage, 4-in 4
Adhesive tape, 1-in standard roll 2
Bandage scissors 1 pair
EMERGENCYMEDICAL KIT
Sphygmomanometer 1
Stethoscope 1
Airways, oropharyngeal (3 sizes): 1 pediatric, 1 small adult, 1

large adult or equivalent
3

Self-inflating manual resuscitation device with 3 masks: 1
pediatric, 1 small adult, 1 large adult or equivalent

3

CPR mask (3 sizes): 1 pediatric, 1 small adult, 1 large adult or
equivalent

3

IV administration set: tubing w/2 Y connectors 1
Alcohol sponges 2
Adhesive tape, 1-in standard roll adhesive 1
Tape scissors 1 pair
Tourniquet 1
Saline solution, 500 cc 1
Protective nonpermeable gloves or equivalent 1 pair
Needles: two 18-gauge, two 20-gauge, two 22-gauge, or sizes

necessary to administer required medications
6

Syringes: one 5-cc, two 10-cc, or sizes necessary to administer
required medications

4

Analgesic, non-narcotic tablets, 325 mg 4
Antihistamine tablets, 25 mg 4
Antihistamine injectable, 50 mg (single-dose ampule or

equivalent)
2

Atropine, 0.5 mg, 5 cc (single-dose ampule or equivalent) 2
Aspirin tablets, 325 mg 4
Bronchodilator, inhaled (metered dose inhaler or equivalent 4
Dextrose, 50%/50 cc injectable (single-dose ampule or

equivalent)
1

Epinephrine 1:1000, 1 cc, injectable (single-dose ampule or
equivalent)

2

Epinephrine 1:10,000, 2 cc, injectable (single-dose ampule or
equivalent)

2

Lidocaine, 5 cc, 20 mg/ml, injectable (single-dose ampule or
equivalent)

2

Nitroglycerin tablets, 0.4 mg 10
Basic instructions for use of the drugs in the kit 1
aAdditionally, an AED has been required since April 2004.
CPR: cardiopulmonary resuscitation.

provided, and the partial agonist nalbuphine is the only opi-
oid. In an emergency situation, additional medications may be
provided by other passengers, and the anesthesiologist should
carefully double-check the type of medication and its concen-
tration.

When the diagnosis and management of the patient are in
doubt, it is helpful to be able to receive a second opinion from
another physician. Most airlines provide the capability to con-
tact a ground-based support physician. Whereas some airline
companiesmaintain their ownmedical support, a large number

Table 179.4. European JAA requirements for emergency medical
equipmenta

European JAA Regulation: JAR-OPS 1.755

Emergency Medical Kit
All aircraft with more than 30 seats must carry an emergency medical kit,
if any point on the planned route is more than 60 minutes flying time
from an aerodrome where qualified medical assistance could be
expected to be available. The commander shall ensure that drugs are
not administered other than by qualified doctors, nurses, or similarly
qualified personnel.

Sphygmomanometer
Syringes and needles
Oropharyngeal airways (two sizes)
Tourniquet
Disposable gloves
Needle disposal box
Urinary catheter
A list of contents in at least two languages (English and one other)
Drugs: Adrenocortical steroid, antiemetic, antihistamine, antispasmodic,
atropine, bronchial dilator (inhalation and injectable forms), coronary
vasodilator, digoxin, diuretic, adrenaline (epinephrine) 1:1000, major
analgesic, medication for hypoglycemia, sedative/anticonvulsant,
uterine contractant.

aNo requirement for an IV kit.

contract with an independent medical services provider. The
largest of these is a for-profit company called MedAire, based
in Arizona. It offers a service called MedLink, which provides
global radio access to consultation with attending emergency
physicians based at Good Samaritan Regional Medical Cen-
ter in Phoenix, Arizona. MedAire also maintains a database of
medical facilities around the world that can assist with planning
a diversion if necessary or with arranging the hand-off of con-
tinuing patient care to local medical services on arrival.We rec-
ommend having a low threshold for using radio consultation
services, unless the diagnosis and management are straightfor-
ward and unlikely to require further care.

The type of in-flight treatment can fall into one of three cate-
gories, depending on the acuity of the patient.The first category
is that of an acutely life-threatening event requiring immedi-
ate treatment, such as an acute coronary syndrome or asthma
attack. The last category is that of the straightforward, non-
threatening presentation, such as diarrhea or the symptoms of
hyperventilation secondary to situational anxiety. In this cate-
gory, only minimal intervention or reassurance is required.The
middle category presents the greatest dilemma inmanagement,
as the presentation is more uncertain. The patient may appear
acutely unwell and in some distress (e.g., the onset of acute
abdominal pain in a woman of child-bearing age). Here it may
not be possible to provide a definitive diagnosis, and indeed the
differential diagnosis may include conditions that would need
urgent intervention in a hospital. In these cases, it is best to
try and determine whether symptomatic treatment can be used
safely until definitive care is available. The decision to divert
a flight for medical reasons does not lie with the responding
physician but rather with the captain of the aircraft; the physi-
cian acts solely in an advisory capacity.
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Table 179.5. Contents of Virgin Atlantic’s emergency medical kit

Upper case lid:
Sharpsafe box
Biohazard bag × 1
Adrenaline (epinephrine) 1 in 10,000 1 mg in 10/ml (minijet) × 2
Adrenaline (epinephrine) 1 in 10,000 1 mg in 10/ml × 5
Adrenaline (epinephrine) 1 in 1000 1 mg in 1/ml × 2
Atropine (minijet) 3 mg in 30 ml × 1
Atropine 1 mg in 1 ml × 2
GlucaGen (glucagon) 1 mg × 1
Water for injection 10 ml × 1
Sodium chloride 0.9% 10 ml × 2
Diazemuls 10 mg in 2 ml × 2
Ventolin (salbutamol) nebule 5 mg in 2.5 ml × 3
Glytrin spray (glyceryl trinitrate) 0.4 m × 1
Narcan (naloxone hydrochloride) 400 µg in 1 ml × 5
Frusemide 50 mg in 5 ml × 2
Efcortisol (hydrocortisone) 100 mg in 1 ml × 2
Ergometrine 500 µg in 1 ml × 1
Piriton (chlorpheniramine maleate) 10 mg in 1 ml × 1
Lignocaine hydrochloride (lidocaine) 1% 5 ml × 5
Maxolon (metoclopramide) 10 mg in 2 ml × 2
Nubain (nalbuphine hydrochloride) 10 mg in 1 ml × 5
Digoxin tablets 0.25 mg ×6
Aspirin tablets 300 mg × 6
Cinnarizine 15 mg × 6
Hyoscine butylbromide 10 mg × 3

Lower base:
Res-Q-Vac manual suction system × 1
Sterile instrument set (needle holder × 1, forceps × 2, scissors × 1) × 1
Oropharyngeal airway large × 1
Oropharyngeal airway medium × 1
Oropharyngeal airway small × 1
Resuscitation pocket mask × 1
Splash goggles × 1
Micropore tape × 1
5% glucose IV infusion 500 ml × 1
IV solution administration set × 1
Urine collection bag × 1
Xylocaine gel 2%/20 g × 1
Foley catheter (size 12) × 1

Miscellaneous box
Gauze swabs (7.5 cm × 7.5 cm) × 2
Sterile gloves × 2 (pairs)
Prolene sutures 4/0 × 1
Vicryl sutures 2/0 × 1
Scalpel × 1
Alcohol prep pads × 6
Tourniquet × 1
Steristrips 6 mm × 75 mm × 2
Syringes 10 ml × 2
Syringes 5 ml × 2
Syringes 2 ml × 2
Needles 18 gauge × 2
Needles 20 gauge × 2
Needles 25 gauge × 2
IV cannula 14 gauge × 1
A sphygmomanometer and stethoscope are located in the defibrillator bag.

Of the 1132 medical incidents presented in the 1996–1997
FAA study, 239 were available for follow-up. Table 179.6 com-
pares the diagnosis rendered in flight to the diagnosis ultimately
determined during postflight medical care. Summing the num-
bers on the diagonal, it can be seen that the in-flight diagnosis
was accurate at least to physical system involved in 79% of the
cases.

Legal aspects
Physicians who respond to in-flight medical events within the
United States are broadly protected against claims of malprac-
tice by Good Samaritan legislation, provided that the actions
they take are the ones that other competent persons with sim-
ilar training would take under similar circumstances. There
is no legal duty under US law to provide medical care to a
person with whom no preexisting patient–doctor relationship
exists. Judges in the UK have held a similar position. Other
countries, however, including France and Australia, impose a
legal obligation to assist even when no prior relationship exists.
The issue of jurisdiction is unfortunately complex and depen-
dent on the nationality of the carrier, the nation in which the
incident occurs if the aircraft is on the ground, and poten-
tially the nationalities of the people involved. Regardless of legal
obligations, a strong ethical imperative exists to assist a per-
son in extremis. DeLaune and colleagues found that when a
physician was involved in the decision to divert a flight for
medical reasons, the patient was ultimately admitted to hos-
pital 49% of the time; without physician assistance, admission
resulted only 15% of the time. The cost of diverting an aircraft
is significant, with estimates of approximately $100,000 com-
mon. Logistic issues involved in diversion include accommo-
dating passengers, possible inability to continue the flight to
its destination due to crew work-hour limitations, knock-on
effects on flight scheduling and, environmentally, the potential
need to dump fuel to obtain a safe landing weight earlier than
anticipated.

Airlines do not typically reimburse physicians monetarily
for their assistance, although they frequently offer tokens of
gratitude, such as wine, flowers, air miles, or complimentary
upgrades. They assume that the aircraft is merely the location
in which the incident occurs and that any bill for professional
services should be the responsibility of the patient. A significant
factor for physicians to consider before charging for emergency
in-flight care is that the protection of Good Samaritan statutes
covers only those persons volunteering their assistance.

In summary, Table 179.7 provides some recommendations
for physicians responding to in-flight medical events. Case
reports of in-flight assistance include feats of medical ingenu-
ity. A remarkable example is the decompression of a tension
pneumothorax that occurred during a flight fromHongKong to
London using a Foley catheter as a chest tube, a coat hanger as a
trocar, a bottle of Evian as a water-seal drain, and some brandy
as a skin disinfectant. Unfortunately, tragic outcomes are also
known, such as the asphyxiation of an agitated passenger who
was sedated by a physician and then restrained. Accidents like
this one in particular, should provide a reminder to anesthesi-
ologists that sedation of a nonfasted patient with an unknown
medical history should be carefully considered.

Medical air evacuation
Air transfer of patients can be carried out with helicopters
(mostly in case of traumas where critically ill patients are
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Table 179.6. FAA follow-up data for 239 cases of in-flight medical emergency
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Cardiac (62) 57 0 4 0 0 0 0 0 0 1 0 0 0 0
Trauma (22) 0 22 0 0 0 0 0 0 0 0 0 0 0 0
Vasovagal (29) 5 0 22 1 0 0 1 0 0 0 0 0 0 0
Respiratory (20) 0 0 1 18 1 0 0 0 0 0 0 0 0 0
Miscellaneous (22) 2 0 1 1 12 3 3 0 0 0 0 0 0 0
Gastrointestinal (14) 1 0 0 0 0 11 1 0 1 0 0 0 0 0
Neurologic (10) 0 0 0 0 0 0 9 1 0 0 0 0 0 0
Vascular (23) 3 0 3 0 1 1 5 9 0 1 0 0 0 0
Obstetric/gynecologic (8) 0 0 0 0 1 0 0 0 7 0 0 0 0 0
Endocrine (10) 0 0 1 0 0 0 2 1 0 6 0 0 0 0
ENT (5) 0 0 0 0 0 0 0 0 0 0 5 0 0 0
Allergic reaction (4) 0 0 0 0 0 0 0 0 0 0 0 4 0 0
Psychological (6) 2 0 0 0 0 0 1 0 0 0 0 0 3 0
Urologic (4) 0 0 0 0 0 0 0 1 0 0 0 0 0 3

Table 179.7. Recommendations for responding to an in-flight medical
event

Medicolegal recommendations for physicians volunteering
assistance during an in-flight medical event

1. Properly identify yourself and state your medical qualifications.
Some airlines require proof of your medical qualifications.

2. Obtain as complete a history as possible, inform the passenger
and family members (if present) of your impression, and obtain
consent before initiating any form of examination or treatment.
Assume implied consent in the case of an incapacitated
passenger.

3. If consent has been given, carry out an appropriate physical
examination.

4. Request an interpreter if the passenger you are assisting does not
speak your language.

5. Inform the flight crew of your clinical impression.
6. If the passenger’s condition is serious, request that the aircraft be

diverted to the nearest appropriate airport. On-ground medical
support staff, if available, will help determine the best location for
diversion.

7. Establish communication with on-ground medical support staff, if
available.

8. Respect the ground-based physician’s expertise and experience in
managing in-flight medical events.

9. Document in writing your findings, impression, treatment, and
communication with the flight crew and on-ground medical
support.

10. Do not use any treatment that you do not feel confident
administering. Keep in mind that Good Samaritan statutes protect
you only from liability for actions that other competent persons
with similar training would take under similar circumstances.

Modified from Newson-Smith MS. Passenger doctors in civil airliners–
obligations, duties and standards of care. Aviat Space Environ Med 1997;
68(12):1134–1138.

quickly transported to local hospitals), commercial airline
flights (when a patient is able to sit during takeoff and landing
and has limited need for oxygen or other intensive forms of
care), or air ambulances (fixed-wing aircraft, frequently a Lear-
jet or Gulfstream jet, in which the cabin can be pressurized). An
anesthesiologist may take care of a patient on either a commer-
cial flight (where an FAA-approved stretcher can be used, an
area can be curtained to provide privacy, and an attendant can
accompany the patient) or a fully equipped air ambulance. The
Commission on Accreditation of Medical Transport Systems
(CAMTS) provides voluntary accreditation for air transport of
patients on either rotorwing or fixed-wing aircrafts, based on
quality of care, safety aspects, equipment, and personnel (for a
listofcompanieswithCAMTScertificationforbasic life support,
advance life support, and critical care, see www.camts.org).

Preflight assessment of a patient and his or her therapeu-
tic requirements is particularly important so that appropri-
ate protection from the physiologic stresses of flight can be
planned. Patient conditions may vary widely, with some requir-
ing mechanical ventilation and intensive care. In these cases,
an intensive care unit (ICU) physician should be helped by at
least an ICUnurse and a respiratory therapist. An adequate sup-
ply of medications, equipment, and supplies should be available
and sufficient for not only the expected flight time but also any
unanticipated flight diversions that might occur. The follow-
ing are some important aspects, related to the in-flight environ-
ment, which should be considered when transporting a patient
aboard an aircraft.
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Respiratory care
Ensure the availability of an adequate supply of O2 and equip-
ment to maintain or control the airway, including suction,
equipment for intubation and bag-mask ventilation, and, when
indicated, a ventilator that is approved by the aircraft operator.
Use pulse oximetry to guide administration of supplemental,
humidified oxygen to maintain an oxygen saturation of at least
90%. Because of the decreased pressure in the aircraft cabin, a
fraction of inspired oxygen (FiO2) higher than at sea level will
be required to obtain the same oxygen saturation. In the case
of an intubated patient, the pressure in the endotracheal cuff
should bemonitored during flight to avoid volume changes. An
end-tidal monitor is also recommended to monitor adequacy
of ventilation. Changes in ventilator settings, in particular tidal
volume and FiO2, are required at altitude.

Chest tubes may be left in place, and drainage units, prefer-
ably without glass components, can be used with the following
precautions:

1. Ensure tubing is not kinked and not hanging below
drainage system.

2. Be aware that water from the seal chamber will be pulled
into the collection chamber after each descent.

3. A Heimlich valve should be in place and two large clamps
should be available for each chest tube.

4. Do not clamp the chest tube when moving patient.
5. Frequently check the suction control to maintain minimal

bubbling (the level of suction may change during flight).

Patients with respiratory problems, particularly with a his-
tory of recent pneumothorax, should be closely monitored in
flight for the possibility of developing a tension pneumotho-
rax, particularly during ascent when cabin pressure decreases
and expanding air in the pleural space cannot escape. Expand-
ing pneumothorax can lead to lung collapse with respiratory
distress (Fig. 179.1), mediastinal shift, and even depressed car-
diac output from impeded venous return. If possible, cabin
altitude should be decreased, and chest tubes should be checked
for patency. In particular, the absence of clots in the tube or in
the Heimlich valve should be verified. If the patient does not
already have a chest tube, a needle thoracostomy should be per-
formed to relieve pressure.

Cardiovascular care
Ensure an adequate supply of intravenous (IV) fluids and, if
appropriate, blood products. Minimize heat loss and maintain
euvolemia, especially because of the low cabin humidity. Pres-
sure changes in flight may change IV rates and affect the vol-
ume of air bubbles in the IV bags and tubing; therefore, drip
rates and IV tubing should be reassessed often during flight.
Plastic IV containers are preferred to glass containers for in-
flight use as they are less fragile and are able to expand and con-
tract with changes in barometric pressure without the need for
venting. Arterial or other hemodynamic lines should contain
no air, which could expand during ascent. If the patient has a

pulmonary artery catheter, its balloon should be deflated prior
to takeoff. Finally, most infusion pumps should work in flight
but, again, there should be no air in the tubing. Patients with
implantable cardiac pacemakers or cardioverter–defibrillators
must not be exposed to security screening equipment, such
as metal detectors, due to the possibility of malfunction due
to electromagnetic interference. Patients with low hemoglobin
levels will require supplemental oxygen to compensate for the
decreased oxygen pressure at altitude. Finally, a cramped posi-
tion for prolonged periods of time together with in-flight dehy-
dration may lead to DVT.

Neurologic care
Takeoffmay increase intracranial pressure (ICP) due to forces of
acceleration; this problem can be minimized with the patient’s
head facing aft. The use of Valsalva maneuvers for ear-clearing
purposes (which also increase ICP) can be avoided by preflight
administration of nasal decongestant. Intracranial air from
head trauma or surgerymay expand during ascent, also increas-
ing ICP. Altitude restriction can improve this situation and also
improve brain oxygenation. Protecting a seizing patient from
injury in the confined environment of an aircraft cabin is par-
ticularly challenging.

Psychiatric care
The physiologic stresses of flight may exacerbate psychiatric or
behavioral disorders andmay place the aircraft, its crew, and the
patient at risk. Restraints should be available and used during
the flight only when ordered by the physician; the need for their
use should be reevaluated frequently. Benzodiazepines or other
sedatingmedicationsmay also be used to control these patients.

Eye and ENT care
The reduced oxygen pressure at altitude may increase intraoc-
ular pressure (IOP) and retinal hemorrhage due to hypoxia-
induced vasodilation. Expanding intraocular air (from either
trauma or surgery) during ascent may irreversibly damage the
eye. Air is normally absorbed in 3 days, whereas certain gases
used in surgery may persist for up to 9 weeks. In these cases, a
maximal altitude of 2000 feet should be maintained, if feasible.
Also, prophylactic antiemetic therapy should be considered to
prevent vomiting from motion sickness, and, as in neurologic
care noted earlier in text, preflight administration of oral (e.g.,
pseudoephedrine) or nasal (e.g., oxymetazoline) decongestant
can be used to avoid Valsalva maneuvers during descent. Alter-
native maneuvers for ear clearing include swallowing, yawning,
moving the jaw, and/or chewing gum. Inability to equalize pres-
sure in themiddle earsmay result in a sensation of fullness,mild
to severe pain, vertigo, and tinnitus. When feasible, a slower
descent may improve the symptoms. Severe pain followed by
sudden relief may indicate rupture of the eardrum. Similarly,
gas trapped in paranasal sinuses or in a decayed toothmay cause
pain due to changes in cabin pressure. The patient’s ears should
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Table 179.8a. Insulin adjustment when traveiling east across multiple time zones

Usual Regimen Day of departure/travel (east bound) First day at destination

Multiple injection
regimen with
pre-meal soluble
insulin and overnight
intermediate insulin.

Usual premeal soluble insulin. If less than 4 hours
between meals this requires a slightly reduced dose of
the third soluble injection (by 1/3) and additional
carbohydrate (ie. extra large evening snack if one meal
missed) and a reduction (1/3) in overnight
intermediate insulin to avoid nocturnal hypoglycemia.

Return to usual insulin regimen. If you have overcompensated with
the reduction of the evening intermediate insulin. Additional
soluble insulin (1/3 of usual morning dose) should be considered if
fasting blood glucose > 14 mmol · L−1 (250 mg · dl−1)

First morning at
Day of departure destination 10 hr after morning dose Second day at destination

Two-dose schedule Usual morning and
evening doses

2/3 usual morning dose Usual evening dose plus remaining
1/3 of morning dose if blood
sugar over 14 mmol · L−1 (250
mg · dl−1)

Usual two doses

Single-dose schedule Usual dose 2/3 usual dose Remaining 1/3 of morning dose if
blood sugar over 14 mmol · L−1

Usual dose

Table 179.8b. Insulin adjustment when traveling west across multiple time zones

Usual regimen Day of departure/travel (west bound) First day at destination

Multiple injection regimen
with pre-meal soluble
insulin and overnight
intermediate insulin.

Usual premeal soluble insulin. Additional soluble insulin injection with
additional meal/snack. Modest reduction (1/3) in overnight
intermediate insulin to avoid nocturnal hypoglycemia.

Return to usual insulin regimen.
Additional soluble insulin (1/3
of usual morning dose) should
be considered if fasting blood
glucose > 14 mmol · L−1 (250
mg · dl−1)

Day of departure 18 hour after morning dose First morning at destination
Two-dose schedule Usual morning and evening

doses
1/3 usual dose followed by meal

or snack if blood glucose > 14
mmol · L−1

Usual two doses

Single-dose schedule Usual dose 1/3 usual dose followed by meal
or snack if blood glucose > 14
mmol · L−1

Usual dose

Reproduced with permission from Aerospace Medical Association. Medical Guidelines for Airline Travel, 2nd ed. Aviat Space Environ Med 2003; 74(5 Suppl):
A1–19.

be protected from high noise levels by either position (when
possible) and/or appropriate ear protection. Decreased humid-
ity in the aircraft cabin causes dryness of the nasal mucosa,
thickening its secretions and increasing risk of epistaxis.

Gastrointestinal care
Gas expansion during ascent may cause abdominal discom-
fort, nausea, and vomiting and may interfere with diaphrag-
matic excursions, requiring decompression with a nasogastric
tube. Antiemetics (e.g., dimenhydrinate) can be administered
30 to 60 minutes before a flight to prevent motion sickness. If a
patient has a feeding tube and/or an ostomy bag, venting should
be allowed. An increase in flatus and stool emptying into the
vented bag during ascent can be expected, with consequential
odor emanating into the cabin. If abdominal distention occurs,
it may be necessary to insert a 2-inch catheter into the stoma to
relieve gas distention.

Endocrine care
Patients receiving total parenteral nutrition (TPN) require glu-
cose monitoring and close observation for signs of hypo- or

hyperglycemia. Glucose monitoring in flight may not be accu-
rate, however, because of changes in barometric pressure. Tables
detailing adjustments of insulin therapy for diabetic patients
traveling across multiple time zones have been published by the
Aerospace Medical Association (see Table 179.8a and 179.8b).

Obstetric care
The decreased partial pressure of oxygen at altitude may
worsen fetal hypoxia, and abdominal gas expansion may fur-
ther impede diaphragmatic excursions.

Overall, the physiologic stresses of flight may induce or
complicate preterm labor. Usually, patients who are beyond the
34th week of pregnancy are not allowed aeromedical evacua-
tion. If the pregnant patient can sit, place a small pillow between
the seatbelt and her lower abdomen. If air transfer of a high-risk
obstetric patient is necessary, appropriate medical personnel
and equipment (including an incubator) should be on board.

Pediatric care
Infants and children may be more susceptible to hypoxia due
to the decreased partial pressure of oxygen at altitude. They
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are also more at risk for dehydration and for hypothermia dur-
ing flight, and fatigue frequently makes them uncooperative.
To help them equalize pressure in their middle ears, they can
be given a pacifier or a bottle during descent. Phenylephrine
nasal drops may also be used if problems with ear clearing are
expected. If gastric distention appears to restrict diaphragmatic
movement, the patient’s head should be elevated and an oral
or nasogastric tube may be inserted. If the pediatric patient is
intubated, particular care should be paid to avoid tube dislodge-
ment during moving and positioning. If a cuffed endotracheal
tube has been placed, the cuff pressure should bemonitored fre-
quently, particularly during ascent.

Care of patient with decompression sickness
The decrease in both barometric pressure and partial pres-
sure of oxygen at altitude can dramatically worsen symptoms
due to nitrogen bubbles. Therefore, maximal altitude should be
restricted as much as feasible when transferring a patient who
has been SCUBA diving within the last 24 hours.

Infection control
Water, soap, and/or antiseptics should be available on board
for medical personnel to wash their skin, or normal saline
to rinse their mucosa, when accidentally exposed to patient’s
blood and/or body fluids. Guidelines for infection control can
be found in the US Air Force’s Aeromedical Evacuation Patient
Considerations and Standards of Care.
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180 Clinical innovation and engineered vigilance
Stephen B. Corn

In a landmark article titled “To Err is Human: Building a Safer
Health System,” the Institute ofMedicine (IOM)outlinedmeth-
ods for improving the safety ofmedical care in theUnited States.
This report says that most medical errors are more likely to
occur as a result of faulty systems, processes, and conditions
than they are from reckless activity by clinicians. To correct the
underlying cause of these errors, the IOM calls for the imple-
mentation of a “systems approach” methodology in health care.
This approach accepts the fact that clinicians are human and
cannot be expected to perform perfectly despite the best of
intentions. It follows that we should use technology to develop
systems that decrease the likelihood of errors.

Such systems employ what I call engineered vigilance, denot-
ing any process using technology to improve the delivery of
medical care by either enhancing health care provider vigilance
or making it more difficult for the clinician to err. The process
can take many forms, and the technology does not have to be
elaborate. Recently, both the business and medical communi-
ties have become increasingly aware of the need for such clini-
cal innovations.This awareness has resulted in the introduction
of a number of new systems that are designed to minimize the
chances of clinician error, and the support for such systems con-
tinues to increase.

Some of the best ideas for improvement come from persons
who are involved in patient care on a daily basis. Individual clin-
icians frequently find gaps in the technology, or areas in which
state-of-the-art care seems to fall short in some way. Many clin-
icians think of clever, innovative solutions to fill such gaps, but
few of them know how to proceed to develop their ideas into
licensed products for clinical care. It is regrettable that many
good ideas never get translated into finished products that can
be used at the bedside. This chapter attempts to address that
problem by providing an abbreviated framework for the devel-
opment ofmedical technology and including a list of patent and
technology resources.

It is important to secure intellectual property rights (such
as patents, trademarks, or copyright), which protect the eco-
nomic value of a new idea. Securing property rights not only
helps in personal gain, but also assures that the inventor
can maximize his or her chances of attracting the investment
capital necessary to develop the idea. Because corporations
have a fiduciary duty to their shareholders, the likelihood of

commercial development is dependent on how investor com-
panies view the risk/benefit ratio of investing in each potential
product. If they do not view the investment opportunity favor-
ably, the necessary investment capital will not be forthcoming
and a good ideamight stay on the drawing board. Protecting the
idea by securing intellectual property rights enhances the like-
lihood of success and the inventor’s chances of having a positive
impact on patient care.

The following section is an organized framework for taking
an idea and developing it into an invention in amanner that will
maximize the likelihood of securing patent protection.This list
is meant to give the reader a general idea of how to proceed,
but the author is not an attorney, and this outline does not con-
stitute legal advice, so the reader is strongly advised to retain
an experienced intellectual property attorney early in the pro-
cess. There are many related issues that are beyond the scope
of this text, including ethical and logistic issues of academic–
industrial relationships, regulatory processes, clinical trials, and
the patenting of drugs, processes, and genetic code. Included are
references that provide an excellent sampling of recently written
articles addressing these compelling issues.

A simplified approach for developing
intellectual property
1. Memorialize the intellectual property (IP) in writing,

personally date and have a trusted witness sign and date
the documents including drawings, and consider having all
signatures witnessed by a notary public.

2. Put original signed documents in a secure location such as
a bank vault BEFORE sharing any information about the
technology with non-inventors.

3. Clearly identify who is a contributor to the IP and who is
not. Strongly consider retaining legal counsel by this time.
Sorting out these issues at the earliest stage can help avoid
significant legal issues at a later date.

4. Determine if any or all of the inventors have a duty to
assign the technology to a hospital, university, institution
or other employer. Determine if any claims of Conflict of
Interest or Conflict of Commitment are likely. Again, seek
the opinion of legal counsel. Consider having a “file memo”
written providing the attorney’s opinion on the matter.
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5. Determine if similar solutions have been proposed in
public settings, or prior art, such as patents or scientific
literature, as this will impact your likelihood of being
granted IP rights. Clearly identify what is and what is not
the invention. The appropriate test in determining whether
your invention is patentable is to consider whether the
invention is new, useful, and non-obvious in light of the
prior art. Since these determinations involve legal
definitions, you should consult with a patent attorney on
these issues. You should conduct a preliminary patent
search at http://www.USPTO.gov, Google patents, or some
other free search Web site, to determine whether your
invention is indeed patentable over the relevant
prior art. Familiarize yourself with the website and
do some reading about patents and other forms
of IP.

6. Consider formally filing a Provisional or regular Utility
Patent Application. At a minimum, create an invention
summary which:
a. Describes the problem.
b. Describes the present state of the art to address the

problem.
c. Describes the shortcomings of the present state of the

art.
d. Introduces your solution.
e. When filing a Provisional Patent Application, the

described solution must provide adequate information
such that one of ordinary skill in the art can make and
use the invention without undue experimentation,
based upon your description. Also, the patent
application must describe the best mode known to you
for using the invention.

7. Consider protecting other related aspects of the IP, such as
copyright protection for ideas, and trademarks to protect
product or service names that identify the origin of the
goods or services. Also consider filing multiple patent
applications to protect different aspects of the invention.

8. Disclose to industry and others only after confidentiality
agreements are in place, even if a patent application has
been filed. If you disclose your invention to someone who
is not obligated to keep the invention confidential prior to
filing your patent application, you may be jeopardizing
your IP rights. Please consult with your patent attorney
before disclosing your invention. Avoid a bidirectional
confidentiality agreement when possible –you do not need
the responsibility of protecting the secrets of a large
corporate entity.

Definitions from the US Patent and
Trademark Office (USPTO) Web site
Copyright protects original works of authorship.
Letters Patent or Patent protects inventions or discoveries. The
US Patent and Trademark Office (USPTO) defines a patent as

“a property right granted by the Government of the United
States of America to an inventor ‘to exclude others from mak-
ing, using, offering for sale, or selling the invention throughout
the United States or importing the invention into the United
States’ for a limited time in exchange for public disclosure of
the invention when the patent is granted.”
A Provisional Patent is distinguished from a Letters Patent in
that the former allows filingwithout a formal patent claim, oath,
declaration, or any information disclosure (prior art) statement.
The provisional filing provides the means to establish an early
effective filing date for use in a subsequent letters patent applica-
tion. It allows the term “Patent Pending” to be applied.The pro-
visional filing automatically becomes abandoned after 1 year, if
not converted to a letter patent application. The USPTO filing
fee in 2011 is $220.00.
Patent Pendingmeans that someone has applied for a patent on
an invention.
Trademark protects words, names, symbols, sounds, or colors
that distinguish goods and services from those manufactured
or sold by others and to indicate the source of the goods. Trade-
marks, unlike patents, can be renewed forever as long as they are
being used in commerce.The term “trademark” is often used to
refer to any of the four types of marks that can be registered
with the USPTO. The two primary types of marks that can be
registered with the USPTO are trademarks that identify physi-
cal commodities and service marks that identify services. Cer-
tification marks and collective marks occur infrequently.

Resources
http://www.uspto.gov/web/offices/com/iip/index.htm
www.google.com/patents
www.copyright.gov
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181 Residency program: a guide for the perplexed
Daniel F. Dedrick

Federal government
Non-citizens will need to obtain a visa to travel to the United
States. Since the September 11, 2001 attacks on theWorld Trade
Center, the Department of Homeland Security often requires
background checks prior to granting travel visas, which fre-
quently takes some time. Sponsorship for these visas may come
from a variety of sources.

J-1 visas
The Educational Commission for Foreign Medical Graduates
(ECFMG), for example, may sponsor nonimmigrant medical
J-1 visas for international medical graduates when their home
country certifies to a need for the training sought. More details
on the process can be obtained through the Exchange Visitor
Program of the State Department. Additionally, the ECFMG
may require thatU.S. citizens or permanent residents who grad-
uate from foreign medical schools certify medical credentials.
This also includes Fifth Pathway candidates as well as interna-
tional graduates, and applies when applying for travel visas into
the US other than J-1 visas.

To qualify for ECFMGcertification, thus allowing one initial
clearance for medical practice in the United States, one’s medi-
cal school must be included on the list of approved institutions,
which closely corresponds to the list compiled by the World
Health Organization. Also, the candidate must pass a series of
examinations, including the Test of English as a Foreign Lan-
guage (TOEFL) or pre-approved equivalent, Step 1 and Step 2
United States Medical Licensing Examinations (USMLE), also
known at the Clinical Knowledge [CK] and Clinical Skills [CS]
tests.

For a medical professional practicing under a J-1 visa to be
certified by theAmericanBoard ofMedical Specialties (ABMS),
a certain number of training years is required. In anesthesiol-
ogy, the minimum time for certification is 4 years, made up
of a Clinical Base Year, followed by CA-1, CA-2, and CA-3
designated years, and also, a requirement that they return to
their home country for 2 years. Subsequent to these years, the
ECFMG may, but is not required to sponsor a foreign medi-
cal school graduate for purposes of fellowship training, up to
a maximum of 7 years. Also, as described later, there may be
opportunities for the professional to circumvent the rule that

requires they return to their home country for 2 years prior to
certification as well.

It is possible that one may receive a waiver of the J-1 visa
requirement that one return to one’s home country for 2 years.
The related laws and regulations are currently in flux, however,
so consultationwith a licensed immigration attorney is advised.
In the past, the Department of Agriculture sponsored physi-
cians willing to work in rural, medically underserved areas.The
program focused on bringing in primary care doctors, but this
program was recently discontinued.

H-1B visas
Nonprofit institutions are permitted to sponsor nonimmigrant
medical H-1B visas.TheH-1B visa applies to an occupation vet-
ted by those who completed a specialized university course in
the area, and requires the practical application of the knowl-
edge and theory gained in the field as well.The H-1B visa spon-
sors are limited to nonprofits; hospitals, medical centers and
all for-profit entities are excluded. Further, the nonprofit entity
must provide an attestation from the Secretary of Labor stating
that there is a need for workers in that specialty, and prove that
the sponsoring institution has placed advertisements for filling
the position by a US citizen. J-1 visa requirements apply and
applicants must also pass the Step 3 examination offered by the
USMLE, which in some states requires a medical degree from
a US graduate school prior to taking it. The H-1B visa is more
expensive than the J-1 visa, leading some nonprofits to avoidH-
1B sponsorship. Someone may be trained under this visa for a
maximum of 6 years.

O-1 visas
An employer may also sponsor nonimmigrant visas under the
O-1 classification, which applies to people with extraordinary
ability in the sciences, education, among other specific fields.
To be eligible, the potential trainee must have numerous publi-
cations, patents or similar work products requiring a high level
of knowledge and skill, thus, this categorization is more often
appropriate for a faculty recruit.

Under limited circumstances, some individuals may qualify
for employment authorization via other types of visas, such as
spousal visas.
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State Department Programs
There are two options under the State Department: (1) the
Conrad program, recruiting 30 professionals per year, per state
and specifically targeted to medically underserved areas, with a
maximum set at 5 posts for specialists, and (2) the “Interested
Federal Agency” program. Both options require 3 years of ser-
vice, with recommendations from an individual state’s Depart-
ment of Public Health agency for the first option and by the
relevant federal agency for the second option. The US Depart-
ment of Veterans Affairs (VA) hospital system provides the
majority of federal opportunities. Serving in a VAmedical cen-
ter or other federal facility requires a permanent and unre-
strictedmedical license from any state, and not necessarily from
the state where the facility is located.

Other Considerations
If a medical professional has financed any part of his or her
medical education with a military scholarship or attended the
Uniformed ServicesUniversity of theHealth Sciences, onemust
request a delay of active duty for civilian residency. The mili-
tarymay also require participation in amilitary PGY-1 program
and/or serve 2 to 3 years as a general medical officer (GMO)
prior to allowing civilian training. Special training, as required
for a flight surgeon, for example, may entail additional active
duty obligations. Anesthesiology is typically an understaffed
specialty for the military, so obtaining a military residency in
anesthesiology or a delay for civilian residency has been readily
granted in the past.

Those who have not completed their military obligations
may qualify for benefits under the GI Bill during training if
one’s program is directly affiliated with a university medical
school that categorizes trainees to be “postgraduate students in
the school of medicine.” One should contact the university’s VA
office for details.

Although the needs of the military vary from year to
year, one may secure funds in exchange for Reserve commis-
sions during residency. Recently, the federal government has
established a new requirement for all practitioners, trainees
included.

A National Provider Identifier (NPI) number is be given to
medical professionals to assist with billing for medical services.
The NPI is necessary not only for federal Medicare billing, but
also for all Medicaid and commercial insurers as well. One may
apply for an NPI online with or without the assistance of your
institution.

Anesthesiologists, like all medical practitioners, must have
authorization from the Drug Enforcement Administration
(DEA) and possibly from an analogous state agency to prescribe
and administer controlled substances.

Trainees in many states are allowed to prescribe using
their teaching hospital federal registration number within the
bounds of their residency.Note that if a trainee practices outside
of the teaching program (“moonlighting”), that person must
have an independent, site-specific DEA registration.

Is research part of your training or subsequent career?
Researchers must be aware of federal, as well as any state or
local regulations. Human studiesmust have institutional review
by a formally established institutional review board (IRB),
and animal care must meet standards set by the Department
of Agriculture. Research fraud may be grounds for dismissal
from federal funding mechanisms, as is earning an unsatisfac-
tory evaluation from the American Board of Anesthesiology
(ABA).

State and local government
Under the supremacy clause of the USConstitution, powers not
specifically given to the federal government will go to the states
and territories (e.g. Washington D.C.). The states, for example,
determine requirements for medical licensure.

Because each jurisdiction has its own rules, one should
work closely with the institution where they will work to
assure compliance with the relevant licensing regulations. For
instance, some states may require no license for the PGY-1
year, whereas others have some form of limited registration for
training. Still others use a single type of license for all levels of
physician’s training. More informational about specific medi-
cal licensure requirements can be found at the annual Green
Book, the American Medical Association’s (AMA) Graduate
Medical Education Directory, as well as its online equivalent,
AMA-FRIEDA (Fellowship and Residency Electronic Interac-
tive Database), at www.ama-assn.org/go/freida.

Information in matters of professional liability and disci-
plinary action can be found at the National Practitioner Data
Bank. It is worth noting that sequence matters, and some insti-
tutions may require, for example, that a fully trained indi-
vidual have a full and unrestricted medical license before
applying for DEA registration, which must be obtained before
hospital credentialing. This is particularly relevant when pur-
suing job opportunities. Also, some states may require their
own unique application, a personal interview, proof of educa-
tion and training, from the primary source, or directly from the
degree-granting or certifying institution. Some states have reci-
procity agreements with other states, allowing licenses in one
state to permit practice in another, with the permission of the
second state. The first state will normally endorse the practi-
tioner’s license, usually with an added fee.

The Federation of State Licensing Boards (FSLB) assumes
the responsibility of compiling much of the requisite data and
deals with the primary source verification for that documenta-
tion. The program is especially helpful to an individual doing
locum tenens jobs, or substituting in the place of another on
a temporary basis. Some localities also require registration
with the town clerk for all physicians practicing within the
city limits. Likewise, some counties (in Louisiana, parishes)
may also add their own layer of registration. One is advised
to work closely with the training or practice institution, as its
personnel should be familiar with the local rules and regula-
tions. You may also wish to examine the web sites of the state,
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county, and municipal governments for any additional require-
ments.

Professional liability insurance is regulated by local govern-
ments. Generally, the cost of such insurance is higher in urban
settings. Normally, the hiring institution will pay for the prac-
titioners insurance, but if one works on one’s own, additional
malpractice insurance may be required under law. Professional
liability insurance is usually one of two types: occurrence or
claims made.

An occurrence policy will apply to events during the period
of coverage, whereas a claimsmadepolicy applies only to profes-
sional liability claimsmade during the covered interval. Because
most allegations of malpractice are filed long after the provok-
ing event, insurers offer “tail” coverage for the claimsmade poli-
cies, extending coverage for some defined number of years, ide-
ally for the full length allowed by the local jurisdiction for “dis-
covery” and filing of the complaint in a lawsuit.

Note that if the patient is a minor, depending on state law,
this time period (I.e. the statute of limitations) may extend to
the legal age of majority plus the jurisdiction’s applicable dis-
covery period – potentially age 21 plus 3 or more years! For
your own protection, know what type of policy is held in your
name by your training institution or your group or employer
and demand tail coverage if the coverage is claims made.

In some settings, liability coverage may come from another
source. For example, should you work for the federal govern-
ment in any capacity, including the military, coverage is pro-
vided by the government under the terms of the Federal Tort
ClaimsAct. Similar protectionmay be available through similar
provisions of state or municipal hospitals, depending on local
statutes and regulations.

Nongovernmental bodies
A medical residency is also subject to the rules and regu-
lations of the Accreditation Council for Graduate Medical
Education (ACGME), the ABA, as well as the sponsoring insti-
tution. Note that the sponsor must also abide by ACGME
Institutional Guidelines; federal, state, and local laws and regu-
lations; and the rules of the Joint Commission (JC). Specifically
as it relates to its teaching programs, the sponsoring institution
must demonstrate appropriate support and ongoing oversight,
including periodic internal reviews of each such program. Sup-
port includes not only trainee or resident benefits and salaries,
but also maintenance of facilities, such as libraries and call
rooms, and compliance with a number of defined policies and
procedures enumerated in the institutional guidelines.

What are the different roles of the ACGME and the ABA? In
many other countries, a single entity may control both training
programs and the credentials of graduates of those programs.
In the United Kingdom, for example, training and licensure for
anesthesiology are managed by the Faculty of Anaesthetists.

The primary difference in the United States is that the
ACGME accredits the training programs and sponsoring
institutions and the ABA grants licensure. Although many of

the rules of the two bodies are congruent, the main roles they
play are different, and program directors and trainees must
always be cognizant of both sets of demands.

Under the ACGME, trainees in residency and fellowship
programs are required to attend certain accredited training pro-
grams, which range from instructional courses on policies and
contracts to the rules regarding due process and faculty train-
ing. Further, the individual specialty Review Committee (RC),
previously known as the Residency Review Committee (RRC),
offers additional guidance as to the common requirements.The
language contained in these ACGME documents follows sev-
eral conventions, including: bold type for required elements;
carefully parsed words, with “must” and “shall” as imperatives
for accreditation, while the words “will” and “should” indicate
something is highly encouraged but not absolutely demanded
for accreditation. An example is provided below. The RC for
Anesthesiology expands on the ACGME core competencies in
a specialty specific manner:

ACGME core competencies
The program must integrate the following six ACGME Core
Competencies into the curriculum:

Patient care
Residents must be able to provide patient care that is compas-
sionate, appropriate, and effective for the treatment of health
problems and the promotion of health. Residents: must have
a wide spectrum of disease processes and surgical procedures
available within the program to provide each resident with a
broad exposure to different types of anesthetic management
within the anesthesiology residency program. The following
list represents the minimum clinical experience that should be
obtained by each resident in the program (see actual ACGME
document).

Medical knowledge
Residents must demonstrate knowledge of established and
evolving biomedical, clinical, epidemiological and social
behavioral sciences, as well as the application of this knowl-
edge to patient care. Residents should have didactic instruc-
tion that encompasses clinical anesthesiology and related areas
of basic science, as well as pertinent topics from other medi-
cal and surgical disciplines. Didactic presentations related to
the specific issues noted in section IV.A.5.b (Medical Knowl-
edge) are required. Practice management should be included
in the curriculum, and should address issues such as oper-
ating room management, types of practice, job acquisition,
financial planning, contract negotiations, billing arrangements,
professional liability, and legislative and regulatory issues. The
material covered in the didactic program should demonstrate
appropriate continuity and sequencing to ensure that residents
are ultimately exposed to all subjects at regularly held teaching
conferences.
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The number and types of such conferences may vary among
programs, but there must be evidence of regular faculty partic-
ipation. The program director should also seek to enrich the
program by providing lectures and contact with faculty from
other disciplines and other institutions; must have appropri-
ate didactic instruction and sufficient clinical experience in
managing problems of the geriatric population; and must have
appropriate didactic instruction and sufficient clinical experi-
ence in managing the specific needs of the ambulatory surgical
patient.

Practice-based learning and improvement
Residentsmust demonstrate the ability to investigate and eval-
uate their care of patients, to appraise and assimilate scientific
evidence, and to continuously improve patient care based on
constant self-evaluation and life-long learning. Residents are
expected to develop skills and habits to be able to meet the fol-
lowing goals:

1. identify strengths, deficiencies, and limits in one’s
knowledge and expertise;

2. set learning and improvement goals;
3. identify and perform appropriate learning activities;
4. systematically analyze practice using quality improvement

methods, and implement changes with the goal of practice
improvement;

5. incorporate formative evaluation feedback into daily
practice;

6. locate, appraise, and assimilate evidence from scientific
studies related to their patients’ health problems;

7. use information technology to optimize learning;
and

8. participate in the education of patients, families, students,
residents and other health professionals.

Interpersonal and communication skills
Residentsmustdemonstrate interpersonal andcommunication
skills that result in the effective exchange of information and
collaboration with patients, their families, and health profes-
sionals. Residents are expected to:

1. communicate effectively with patients, families, and the
public, as appropriate, across a broad range of
socioeconomic and cultural backgrounds;

2. communicate effectively with physicians, other health
professionals, and health-related agencies;

3. work effectively as a member or leader of a health care
team or other professional group;

4. act in a consultative role to other physicians and health
professionals; and

5. maintain comprehensive, timely, and legible medical
records, if applicable.

Professionalism
Residentsmustdemonstratea commitment tocarryingoutpro-
fessional responsibilities and an adherence to ethical princi-
ples. Residents are expected to demonstrate:

1. compassion, integrity, and respect for others;
2. responsiveness to patient needs that supersedes

self-interest;
3. respect for patient privacy and autonomy;
4. sensitivity and responsiveness to a diverse patient

population, including but not limited to diversity in
gender, age, culture, race, religion, disabilities, and sexual
orientation.

Systems-based practice
Residents must demonstrate an awareness of and responsive-
ness to the larger context and system of health care, as well as
the ability to call effectively on other resources in the system to
provide optimal health care. Residents are expected to:

1. work effectively in various health care delivery settings and
systems relevant to their clinical specialty;

2. coordinate patient care within the health care system
relevant to their clinical specialty;

3. incorporate considerations of cost awareness and
risk-benefit analysis in patient- and/or population-based
care as appropriate;

4. advocate for quality patient care and optimal patient care
systems;

5. work in interprofessional teams to enhance patient safety
and improve patient care quality; and,

6. participate in identifying system errors and implementing
potential systems solutions.

How does a trainee know what specific details are mandated by
theACGME?Each recognized specialty has anRC, and any sub-
specialties within that area will have their own subsidiary RCs
as well.

TheRCs are chargedwith setting the program requirements,
including the minimum specialty curriculum, and assuring
that individual programs are in compliance with those require-
ments. The ACGME asks that the RCs periodically review and
update the specialty program requirements as practice changes
and as the common requirements evolve. For the most cur-
rent anesthesiology program requirements, go the ACGME
Web site (www.acgme.org), click on the button in the left col-
umn for RCs, and then select “Anesthesiology” from the pop-
up list. Note that you will find pdfs of the program require-
ments not only for the primary residency, but also for the sub-
specialties recognized by the ACGME: Pain Medicine, Criti-
cal Care Medicine, Pediatric Anesthesiology, Hyperbaric and
UnderseaMedicine (a joint programwith other specialties), and
the newest addition, Adult Cardiothoracic Anesthesiology.

The existence of an RC for an anesthetic subspecialty may
not be associatedwith a corresponding certificationmechanism
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for graduates in that subspecialty. The ABA does not offer an
examination and certification mechanism in every area.

What if a trainee, having completed the basic anesthesi-
ology program, wishes to enter a non-ACGME subspecialty?
Nonstandard education in obstetric, neurosurgical, ambulatory,
regional, thoracic, transplant, and other key areas of anesthesi-
ology is widely available. Absence of a matching RCmeans that
the ACGME-supported program requirements have not been
established. The sponsoring institution may elect to require all
of its programs (not only the ACGME fellowships) to conform
to the common requirements. National subspecialty organiza-
tionsmay have drafted “suggested curricula” but have nomech-
anism for direct oversight of individual programs.

International graduates on any type of visa may have addi-
tional hurdles to overcome. Obtaining an extension for a
non-ACGME subspecialty program may require assembling a
number of additional documents: a statement from the parent
specialty board (in our case, the ABA) that the given area is
indeed a recognized subspecialty, acceptance of the subspecialty
program by the sponsoring institution through its Graduate
Medical Education Committee (GMEC), and a statement from
the Program Director of the ACGME core anesthesiology resi-
dency that the subspecialty program is directly associated with
the residency. Even with these documents, the State Depart-
ment and the ECFMG may deny the necessary visa extension
for a nonstandard subspecialty program.

What kind of responsibilities should a trainee have for
certification by the ACGME? The organization asks that there
be resident representation on the institutional GMEC and
on any GMEC subcommittee or other internal review group
conducting the mandated institutional oversight of individual
residencies. During the periodic site visits by ACGME field
staff or specialist staff, residents will be asked to review details
of the training program privately, with no faculty present, to
encourage candid discussion. Note that the purpose of the site
visit is to confirm information provided to the ACGME on its
program information form, with a view to establishing whether
substantial compliance with program requirements truly
exists.

Trainees shall maintain a log of work hours and should con-
sult with the Program Director if any rotation or division is not
in compliance, as well as for resolution of other problems seen
in the training scheme. The ACGME offers its own Web-based
System for these case logs. If issues are not addressed even at that
level, the ACGME has a web based complaint system available
that maintains the anonymity of the trainee. Each trainee must
also maintain a separate log of cases, consultations, and proce-
dures performed.TheACGME requires specificminimum clin-
ical experiences across the range of the specialty and expects
the department to provide an electronic method for the case
log. While the ACGME offers its own system, many depart-
ments use commercial or proprietary products, often web-
based, for the case logs, with a periodic upload (at least annu-
ally) to the ACGME system.The ACGME shares case data with
the ABA.

What is the role of the ABA? As mentioned previously, the
ABAoffers certification for individuals who complete ACGME-
approved training programs. Due to recent added requirements
of the ABMS, the non-governmental entity that manages stan-
dards for all member boards, the ABA now also provides peri-
odic recertification for those previously certified. The ABA
maintains a comprehensive compilation at www.theABA.org
containing all of its publications, rules, examination dates, con-
tent outlines for examinations, and other essential informa-
tion. The web site also includes a portal to private areas for
each enrolled individual, geared toward helping those who are
preparing for recertification. Note that ABA policy is that each
trainee is responsible for knowing the content of its “Booklet of
Information,” available for download on the web site. It is your
responsibility to learn the information contained therein!

At the beginning of training, individual candidates enroll
as ABA candidates with the Program Director (PD). Twice
per year, the department shall report the performance of
the enrolled individuals as Satisfactory or Unsatisfactory. For
the residency, the departmental Clinical Competency Commit-
tee is responsible for this evaluation, with endorsement by the
PD.While the primary purpose of the semiannual assessment is
clinical progress toward full consultant status, the Board man-
dates that all elements of professionalism and “Essential Char-
acter Attributes” be included in the overall report. Should any
Essential Character Attribute be unsatisfactory, then that six-
month reportmustbeUnsatisfactory.The following text is from
the ABA document Defining the First Step Toward Board Cer-
tification and Maintenance of Certification in Anesthesiology

ESSENTIALATTRIBUTES:Thephysician who lacks one or
more of the following attributes is not considered qualified to
practice anesthesiology safely.
1. Demonstrates high standards of ethical and moral

behavior.
2. Demonstrates honesty, integrity, reliability, and

responsibility.
3. Learns from experience; knows limits.
4. Reacts to stressful situations in an appropriate manner.
5. Has no documented current abuse of alcohol or illegal use

of drugs.
6. Has no cognitive, physical, sensory, or motor impairment

that precludes acquiring and processing information in an
independent and timely manner or independent
responsibility for any aspect of anesthesia care.

7. Demonstrates respect for the dignity of patients and
colleagues and sensitivity to a diverse patient population.

8. Has no restriction, limitation, or revocation of license to
practice medicine.
Board policy is that a six-month period ending in an “unsat-

isfactory” must be immediately followed in the same program
by a “satisfactory” or the Board will mandate training. Also
note that history of substance abuse may delay a candidate’s
ability to receive certification. The Board looks towards three
major elements for its certification process: satisfactory marks
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from the PD for the clinical training program, professionalism,
and essential character attributes. The ABA Step 1 Examina-
tion, previously known as the Written Examination, evaluates
the knowledge base of the candidate.The ABA Step 2 Examina-
tion, previously known as theOral Examination, tests the ability
of the candidate to respond to issues of clinical care in chang-
ing conditions and the ability of the candidate to communicate
concisely and effectively his or her specific medical concerns,
balance of risks, judgments, and also manage at the level of a
true consultant in the specialty.

Do all international graduates have to complete anACGME-
approved residency in order to enter the ABA examination
sequence? The ABA is currently trying out alternative paths of
entry for only international graduates who are fully certified in
anesthesia in their home country and have planned an academic
career in theUnited States.TheChair of each residency program
may sponsor no more than two individuals at the same time.
TheAlternate Pathway is no shorter than the residency pathway,
both requiring a minimum of four years. The Alternate Path-
way may include subspecialty fellowship training, research, or
service as academic faculty, or some combination of those ele-
ments. The ABA reserves to itself the right to approve or disap-
prove individual petitions by the Chairs. Parallel to the required
semiannual resident candidate assessment by the Clinical Com-
petency Committee, the ABA also mandates semiannual evalu-
ation ofAlternate Pathway candidates by theChair, who decides
whether to allow continued sponsorship. Other requirements
for entry into the examination sequence of the ABA are gen-
erally identical to the requirements for an ACGME-approved
residency.

How do I best prepare for the examinations? The ABA and
the American Society of Anesthesiologists, through their Joint
In-Training Council, offer an opportunity to practice for the
Step 1 Examination through an annual In-Training Examina-
tion (ITE). In addition, on its Web site, the ABA provides a
Content Outline that lists subject areas that may be included.
As of 2008, the Step 1 Examination is a computer-based test.
Even though the contents will no longer be the same, the gen-
eral format and range of material will still make the ITE a good
review of important skills. The In-Training Council provides
the candidates and the Program Directors with a listing of sub-
ject key word areas with wrong answers. The PD will usually
share the global listing with the departmental education com-
mittee to improve teaching in areas that many trainees err.

Some PDs also employ other tests, either designed in-house
or from resources such as the Society for Education in Anesthe-
sia or the Inter Hospital Study Group for Anesthesia Education.
The latter group publishes an examination series known as the
AnesthesiaKnowledgeTests, aswell as examinations in between
annual ITEs, and after six and eighteen months of experience.
Similar to the ITE, the AKT series provides key word informa-
tion to the individuals and the PD. All of these tools give oppor-
tunities to seewhere one needs to focus preparation for theABA
Step 1 examination, which is given after one completes resi-
dency. Note that if one does not hold a full, unrestricted license

in any state or Canadian province, one must pass the full set of
USMLE examinations, including Step 3, prior to the registra-
tion deadline for the ABA Step 1, which is in mid-December of
the year before graduation, and no later then end of Septem-
ber of the examination year, according to ABA policy. This
USMLE certification allows one to received a permanent and
unrestricted license. The Board will not validate or release the
results of Step 1 and will not allow resgitration for Step 2 if
one fail to secure said license by the end of November of the
examination year. Preparation for the Step 2 (formerly Oral)
Examination is usually available through a residency or training
program. Nearly all residencies will have one or more individu-
als who are current or former examiners or faculty specifically
trained by the Board to administer mock oral exams. In many
programs, case conferences ormorbidity/mortality conferences
are modeled after the oral examination format. The actual
test is two separate 35-minute sessions. Each may have differ-
ent times allocated to preoperative assessment, intra-operative
management, and postoperative care, including pain manage-
ment. In addition to the primary case, there will also be other
topics, typically based on three short vignettes. The Board itself
provides model “stem questions” on its web site. An example
follows below.

ABA Sample part 2 examination – session 1
Session 1 – 35 minutes
A 56-year-old, 70 Kg, 5′8′′ tall man is brought to the operating
room for a left upper lobectomy.

HPI: Patient noted the onset of a productive cough
6 weeks ago and an episode of hemoptysis
10 days ago. He was seen by a pulmonary
specialist who noted a 2 cm mass in his left
upper lobe on chest x-ray. Fiber-optic bron-
choscopy revealed irregularity of the left upper
lobe bronchus, and biopsy revealed carcinoma.
Metastatic workup was negative.

PMH: Uncomplicated myocardial infarction 4
months ago. He notes angina with exercise
over past month. A stress test 7 days ago
showed minimal ST segment depression at
a heart rate of 120 beats per min. without
angina. An echocardiogram revealed an
ejection fraction of 55%. Medications include
diltiazem and nitroglycerin PRN. He has no
allergies. He smoked 2 packs of cigarettes per
day for 25 years until 10 days ago. He drinks
an occasional beer.

PHYS EXAM: P 72, BP 140/80, R 20, T 37.1◦C. His airway
appears normal. Chest auscultation reveals
expiratory wheezes over left posterior upper
lung field. Cardiac examis normal. He has no
organomegaly or peripheral edema.

X-RAY: 2 cm mass and small infiltrate left upper lobe
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EKG: Q waves in II, III, aVf with T wave inversion in
the same leads.

LABS: Hgb 14.5 gm/dl, normal electrolytes and nor-
mal coagulation studies.

He arrives in operating room at 10:00 A.M. with 1”
nitropaste, having taken his diltiazem at 7:00 A.M.

Intra-operative management – 10 Minutes
1. Induction: Would you induce with thiopental? Why/Why

not? Propofol? Your choice? Why?The surgeon requests
double-lumen tube. You respond? How do you confirm
position? Is a right-sided tube appropriate? Why/why not?

2. Anesthetic Selection: Is nitrous oxide-opioid anesthesia
appropriate? Why/why not? Your choice? Why? Would
halothane be preferable if patient has reactive airway
disease? Prefer another inhalation agent in this patient?
Why?

3. Intra-operative Hypoxia: After 20 minutes of one-lung
ventilation, Sp02 decreased from 99% to 90%. Your
interpretation and response? Rationale for therapeutic
choices. What if Sp02 is 80%?

4. Massive Blood Loss: The surgeon loses control of the
pulmonary vein and the patient loses 1200 ml blood in two
minutes. Two units of packed cells are available. How do
you manage blood loss? Why? Blood pressure not
responding to volume replacement. Your plan? Rationale.
Ischemia on ECG. How does it influence your
management? Your plan? Why?

Post-operative care – 15 Minutes
1. Extubation Criteria: How will you decide suitability for

extubation? Rationale. How does criteria for this patient
differ from ASA-1 cholecystectomy patient? Explain.

2. Post-operative Ventilatory Support: Assume ABG at end of
surgery with double-lumen ET tube and bilateral
ventilation shows PaO2 = 65 mmHg, PaCO2 = 58 mmHg,
pH = 7.29 with FIO2 = 0.5 and spontaneous ventilation.
Interpret. How will you proceed? Why? If decide to
ventilate in ICU will you change ET tube? Why/Why not?
Discuss ventilator settings. Discuss IMV vs. PCV. Discuss
PEEP.

3. Pain Management: Would PCA be a good choice?
Why/Why not? Is thoracic epidural a better choice?
Why/Why not? If epidural in place, what medications
would you administer? Why?

4. Myocardial Ischemia: 8 hours after surgery patient
complains of anterior chest pain and you note new S-T
segment elevation on bedside monitor. How will you
proceed? Why? 30 minutes later, his blood pressure is
80/30 and you note tachypnea and diffuse rales. Discuss
evaluation and management.

5. Nerve Injury: Following extubation and at time of
discharge from ICU, the patient complains of numbness

over ulnar distribution of right forearm and hand. What
might be the causes? How will you evaluate? Is there any
treatment for this? What will you tell patient?

6. Jaundice: 4 days after surgery, the patient’s bilirubin is 6.5
mg/dl. Surgeon questions if anesthesia might be the cause.
You respond? Discuss further evaluation.

Additional topics – 10 Minutes
1. Obstetrical Anesthesia – Pre-eclampsia: Urgent C/S for

fetal distress is scheduled for 19-year-old parturient who is
pre-eclamptic and in active labor. She is receiving MgS04
and intermittent hydralazine. Blood pressure is 150/110.
What would be your choice of anesthesia? Why? Discuss
advantages/disadvantages of epidural. How would you
control blood pressure? Why? What are your goals?
Explain.

2. Post-CABG tamponade: A 65-year-old man underwent an
uncomplicated CABG 16 hours earlier and was extubated 4
hours ago. In the past hour his BP fell from 110/70 to 70/50
and the CVP rose from 8 to 22 mmHg. What are the
possible etiologies? How would you evaluate? Manage? If
tamponade is suspected and mediastinal exploration is
required, how would you provide anesthesia? Explain.

3. Temperature: A 48-year-old man is undergoing a radical
prostatectomy during general anesthesia. Two hours into
the operation, his esophageal temperature is 34.5◦C.Would
you treat? Why/Why not? If so, how?Thirty minutes later it
has decreased to 33.5◦C. Your management? Surgeon
attributes a problem with bleeding to the hypothermia.
Agree? Why/Why not? What might be the mechanism?
Explain. How will decreased temperature influence your
plans for extubation? Describe.

Typically, there are two examiners for each of the thirty-five
minute sessions. Sometimes a third individual may be present,
most commonly either a new junior examiner being introduced
to the system or a senior examiner performing quality assur-
ance. As you may gather from the above example, you will be
challenged to describe and defend your thought processes, and
respond to changing situations. At present, the ABA uses an
equivalent of the Step 1 Examination for each of its subspecial-
ties after completion of the specific fellowship. For hospice and
palliative care certification, individuals who have been practic-
ing in the subspecialties may document their clinical experi-
ence and sit for the examination. The reason for this “grand-
fathering” provision is that fellowship opportunities have just
started to become widely available. Many practitioners inter-
ested in this additional certification are also actively involved
in pain medicine.

PerABA rules, recertification is required after ten years have
passed since taking the examination. ABMS guidelines are the
same, and state that this applies to any individual certificate,
whether the primary anesthesiology or the ABA subspecialties
of critical care medicine or pain medicine.

1113



Part 29 – Special Topics

From the Booklet of Information: “The ABMS approved
the concept of maintenance of certification (“MOC”) in 2000.
The twenty-fourABMSMember Boards subsequently endorsed
the concept. MOC is a program of continual self-assessment
and lifelong learning, along with periodic assessment of profes-
sional standing, cognitive expertise and practice performance
and improvement. The ABA is committed to evolving its recer-
tification programs to MOC programs. The ABA presented a
proposal for the Maintenance of Certification in Anesthesiol-
ogy Program (“MOCA”) to ABMS in 2002.The transition from
the current recertification program to MOCA began in 2004.
This allows adequate time for diplomates issued a time-limited
certificate to satisfy all MOCA requirements. The maximum
interval between initial certification that is time-limited and
successful completion of the requirements to maintain certifi-
cation for the first time, as well as each time MOCA is required
thereafter, is ten years. Details of the MOCA program are avail-
able on the ABA web site, as well as a personal private web
page for each enrollee to document the requirements for the
program. Continuing medical education, holding current and
unrestricted full medical licensure, having an original certifi-
cate from the ABA, an evaluation of one’s practice, and a min-
imum of one day per week devoted to the specialty are among
the primary itemsmandated for entrance to the required secure
examination. Note that for all enrolled trainees and certified
practitioners alike, the ABA requires that it be informed of
any change in address or of any restrictions imposed on med-
ical licensure. Substance abuse, “loss of or severe restriction
imposed on the medical license, fraud in application materials,
and a few other failures of professionalism may lead to defer-
ral of issuance of a certificate or possible revocation of a current
certificate.”

The world of practice
Once one is trained, certified, licensed, and has obtained
NPI and DEA numbers, it’s time to take stock and deter-
mine one’s personal values in order to find a good fit in
practice. What are your personal goals? Do you enjoy the
academic setting? Working in a major teaching institution pro-
vides the opportunity to teach and conduct research.Do younot
wish to deal with the academic “publish or perish” schema, but
still enjoy teaching?Working in an affiliated institution towhich
trainees rotate offers that option.Do you prefer the private prac-
tice setting? Then you must consider a wide range of different
practice models. You may even find blended situations. Some
choose to see many institutions by doing locum tenens jobs.

In the private practice environment, there is significant
regional variation. There may be an individual personal
service contract (with others working for that individual) or
exclusive group contracts. Other parts of the country are domi-
nated by groups of anesthesiologists, under a variety of business
arrangements, including partnerships, limited liability corpo-
rations, tax-exempt foundations, hospital employees, and oth-
ers. Some regions work as physician-only practices, whereas the

more common pattern is the “care teammodel”, with physicians
supervising anesthesia assistants or certified registered nurse
anesthetists and sometimes teaching student anesthesia assis-
tants or student registered nurse anesthetists. In some areas,
there are multi-specialty group practices.

Nomatter the nature of the practice you prefer, youwill need
to negotiate a contract. While many new graduates have sub-
stantial educational debt, spending a bit more to have a labor
attorney review any proposed contract may be well worth the
expense. Do not be blinded by salary alone. Consider the entire
employment package, such as professional liability insurance,
disability income insurance, life insurance, health insurance,
dental and vision coverage, parking, support for direct profes-
sional expenses (membership in professional societies, CME,
license renewal, DEA renewal), time off forCME, vacation time,
use of an automobile (particularly if you will be expected to
work at more than one location), retirement, and call obliga-
tions. Any of these items left to you diminishes your effec-
tive salary, so always look at the entire package! Should you
be involved in the governance of the group, you may also need
“officers and directors” liability coverage. How are the business
expenses dealt with, including office staff salaries and benefits,
Worker’s Compensation insurance, and billing, coding, and col-
lection services? I can understand a probationary period to see
if I mesh well with the group and perform clinically to its satis-
faction. But why do theywantmoney fromme to join the group,
either as an explicit buy-in or as a reduced salary for one ormore
years? While some groups may allocate some of this to corpo-
rate “goodwill” and an established referral base, the biggest fac-
tor is the lag between providing a service and collections. If the
bill is not correctly coded, there will be a delay. Even with a
“clean” bill and electronic rather than paper submission, pay-
ment may take literally months. In the meantime, the group is
supporting you in full!

Will you be working at more than one site? If so, in most
jurisdictions, each entity may be required to perform creden-
tialing on its practitioners, although some state medical soci-
eties offer a credentialing service to hospitals and ambulatory
surgery centers within the state. Your DEA registration is site-
dependent. You may wish to confirm that your professional lia-
bility coverage extends to all of your practice environments.
Be familiar with each institution’s staff bylaws and practice
rules, including public health or occupational health require-
ments such as rubella immunization or periodic tuberculin skin
testing.

Making a difference
Now that I am in the real world, how do I contribute? Political
activism begins at home. Volunteer for hospital committees. Be
an active member of your medical staff, physician organization
or hospital-physician organization. Join your local and state
medical associations and participate! Consider membership
with the American Medical Association or the National Med-
ical Association.The governance of the AMA has been recently
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changed to reflect the developing power of the specialties.
Maintainmembership in your state’s anesthesiology society and
the American Society of Anesthesiologists (only military doc-
tors may join ASA without being members of a state organi-
zation). Seek office, join panels, and attend the annual ASA
Legislative Meetings (where you may obtain formal media
relations training). Speak with your state legislators and your
Congressional Representatives and Senators. Donate to the
appropriate political action committee andworkdirectly to sup-
port legislators who care about patients and the profession.

Volunteer your skills and knowledge. Time is precious, but
donated professional skill is precious time given to a higher
purpose. The ASA maintains a teaching program in less devel-
oped countries, as does Health Volunteers Overseas (HVO).
Many charitable organizations offer medical care to the poor
and underserved, particularly in the less developed areas of our
world. If there is any element of surgery in that care, such aswith
Operation Smile, ProjectHope, Interplast, and many more, it is
particularly important to have volunteers. Physicians should be
advocates for patients!
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182 Medical informatics and anesthesia information
management systems
Jesse M. Ehrenfeld

Medical informatics
Medical informatics is the application of information science
to health care. It is a burgeoning field, brought on by the
widespread availability of electronic medical records, high-
speed computers, and networkable patient monitors. The field
of medical informatics focuses on using information technol-
ogy to optimize the storage and retrieval of health informa-
tion. Information technology can include individual patient
level data for use in routine clinical care (such as the report-
ing of laboratory results) or large data sets including thousands
of patients to facilitate the performance of health outcomes
research.

Today, medical informatics encompasses many of the elec-
tronic tools that anesthesiologists use to interpret and act on
clinical data. These tools include advanced clinical decision
support systems, which have the ability to evaluate real-time
data while incorporating practice guidelines, to help providers
and end users make better decisions. Other tools facilitate the
reporting of both patient- and provider-level data for quality
assurance, billing, and other administrative purposes.

The field of medical informatics began in the 1950s with
the advent of computers and the microchip. The earliest use of
computers in medicine took place at the U.S. National Bureau
of Standards. The National Library of Medicine started MED-
LINE in 1965, and, at approximately the same time, the Mas-
sachusettsGeneralHospital UtilityMulti-Programming System
(MUMPS) was developed in Boston. For decades, MUMPS was
the single most commonly used computer programming lan-
guage for medical applications.

Anesthesia informationmanagement
systems
Anesthesia information management systems (AIMS) are a
specialized form of electronic health records that allow the
automatic and reliable collection, storage, and presentation
of patient data during the perioperative period. In addition
to providing basic record-keeping functions, most AIMS also
allow end users to access information for management, quality
assurance, and research purposes. AIMS typically consist of a
combination of hardware and software that interface with intra-
operative monitors and, in many cases, hospital electronic

health records. Although the primary role of an AIMS is to
capture data during the intraoperative phase, most systems
also can incorporate pre- and postoperative patient informa-
tion. Typically, all of this information is stored in a robust rela-
tional database that can be accessed simultaneously by multiple
users either via a vendor’s commercial application or standard
database tools, such as structured query language.

Widespread adoption of AIMS, which have been in exis-
tence since the 1970s, has been hindered primarily by the finan-
cial barriers associated with implementation of these systems.
As a result of these hurdles, only an estimated 5% of US oper-
ating rooms in 2006 had an AIMS. Adoption has accelerated
recently, driven primarily by a need to address increased regu-
latory reporting requirements and a desire to improve routine
clinical documentation. The areas in which AIMS have proved
beneficial to both patients as well as anesthesia departments are
summarized in Table 182.1.

The specific benefits of a particular AIMS installation (Table
182.2) depend on a number of factors, including the system

Table 182.1. Areas impacted by anesthesia information management
systems

Impact on patients
• More accurately records patient responses to anesthesia
• Improves availability of historic records
• Allows an anesthesiologist to focus on the patient, rather than charting

Impact on the practice of anesthesia
• Improves quality assurance functionality due to more accurate and

complete records
• Allows quick searches for specific occurrences or rare events across

multiple cases
• Provides a means to track individual provider performance over time
• Assesses patient outcomes through integration with other hospital

databases
• Makes available accurate, high-resolution charts for educational

purposes
• Provides legal protection through more accurate, unbiased information

Impact on departmental management
• Facilitates accurate and timely billing
• Allows analysis of supply costs by patient, provider, or type of surgery
• Can assist with concurrency and other regulatory compliance issues
• Satisfies the Joint Commission requirements for comprehensive, legible

records
• Provides ready verification of ACGME case requirements for residents in

training programs

ACGME, Accreditation Council for Graduate Medical Education.
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Table 182.2. Specific benefits of AIMS in peer-reviewed literature

Cost and billing improvements
• Controlling and reducing anesthesia drug costs
• Improving capture of anesthesia-related charges
• Impact on hospital reimbursement

Decision support and provider education
• Clinical decision support
• Training and provider education

Patient safety and quality assurance
• Increased patient care and safety
• Enhancement of clinical quality improvement programs
• Support of clinical risk management
• Monitoring for diversion of controlled substances

Data quality and clinical research
• Enhancement of clinical studies
• Improved intraoperative record quality

purchased, the overall implementation scheme, and the depart-
mental work flow. One mistake that institutions often make
when installing anAIMS is to simply replace paper with an elec-
tronic system – without changing processes to obtain the full
benefit of these systems. For example, after installing an AIMS,
one institution continued to send copies of incomplete anesthe-
sia records to physicians via interoffice mail with a handwritten
note asking for correction of the documentation error. The rate
of unbillable charts was unchanged until the institution began
using electronic tools that interfaced with the newAIMS instal-
lation to facilitate error correction.

Many departments choose to install AIMS because, funda-
mentally, anesthesia relies on the provision and timely docu-
mentation of accurate information. These data are the basis for
how we make decisions; given the ever-growing amount and
complexity of the information, electronic systems can facilitate
the capture and interpretation of data.

In addition to assisting providers with the specific task of
record keeping, AIMS have been shown to improve patient
safety in a variety of settings by facilitating appropriate clini-
cal care and providing accurate documentation for retrospec-
tive review. Most systems can generate point-of-care alerts for
patient allergies or drug–drug interactions. In fact, theAnesthe-
sia Patient Safety Foundation has both endorsed and advocated
the use of AIMS because of the ability of the technology to pro-
vide high-quality data.

In fact, many departments are using AIMS to facilitate
reporting of the increasing number of qualitymeasures (such as
on-time administration of prophylactic antibiotics and mainte-
nance of normothermia) as a condition of participation in vari-
ous pay-for-performance contracts. In the absence of an AIMS,
reporting on these types of quality metrics typically requires a
laborious – and often expensive – manual chart review. Elec-
tronic systems also offer the advantage of providing a means
for changing provider behavior, through clinical decision sup-
port, tomeet qualitymetrics, as opposed tomerely reporting on
them.

Decision support, or the provision of tools that allow end
users to more effectively accomplish a particular task, is a fast-

growing areawithinAIMSproduct development. Although this
advanced feature is not universally available, decision support
can facilitate both improvements in the quality and reductions
in the cost of providing care. The most basic decision sup-
port tools – such as systems that provide drug-dosing guidance
based on a patient’s weight – offer passive guidance. More com-
plex tools are designed to actively manage provider behavior;
they may use on-screen pop-up displays or link to a hospital’s
paging or e-mail system to alert clinicians about changes in a
patient’s clinical condition.
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Chapter

183 The potential for addiction in anesthesia
providers
Ethan O. Bryson and Jeffrey H. Silverstein

Introduction
The potential for addiction among anesthesia providers is a
major issue in the anesthesia workplace. The incidence of alco-
holism and other forms of impairment (such as mental illness)
in all health care providers is similar to that in other professions,
but anesthesia providers have a higher rate of substance use
disorders.

The drug of choice for anesthesia personnel entering treat-
ment for substance abuse is usually an opioid, most com-
monly fentanyl and sufentanil, although anesthesia providers
have reported abuse of propofol, ketamine, sodium thiopen-
tal, lidocaine, nitrous oxide, and the potent volatile anesthetics
as well.

Etiology
Many theories have been proposed to explain the high inci-
dence of drug abuse among anesthesia providers.The proximity
to large quantities of highly addictive drugs may contribute
to the development of addiction in persons at risk. Despite
strict controls and accounting measures, it remains rela-
tively easy to divert small quantities for personal use. Some
health care professionals have cited the high-stress environ-
ment in which anesthesia personnel work as a contributing
factor, and others have suggested that exposure to trace quan-
tities of these agents in the workplace sensitizes the reward
pathways in the brain and promotes substance abuse. It is
important to note that none of the proposed theories have been
able to identify a specific cause; they merely suggest factors that
may increase the risk of developing addiction among anesthesia
personnel.

An association between chemical dependence and other
psychopathology may contribute to the development of addic-
tion in susceptible individuals. It has been suggested that
one source of motivation for the self-administration of drugs
of abuse is the self-medication of symptoms associated with
comorbid psychiatric disorders.The observation that individu-
alswith the samepersonality traits tend to self-administer drugs
from the same class (i.e., opioids for anxiety and depression;
amphetamines for attention deficit and hyperactivity states)
lends credence to this theory. Intensive work on the underly-
ing genetics of addictive behaviormay prove enlightening in the
next decade.

Behavior patterns
The chemically dependent anesthesia provider generally seeks
to maintain a job in close proximity to the source of drugs.
The addict may volunteer for additional evening and weekend
assignments or for long cases in which large opioid require-
ments would be expected. These behaviors, however, are also
exhibited by anesthesiologists seeking to increase personal
income or establish a reputation inmajor cases.Thus the behav-
iors are not unique to addicts. Rather, changes in behavior are
frequently noted with periods of irritability, anger, euphoria,
and depression.

Some of the changes typically observed in the addicted anes-
thesia provider include, but are not limited to, the following:
� Withdrawal from family, friends, and leisure activities as

more time is spent at work where the drug can be used;
� Mood swings, with periods of depression or bad moods

alternating with periods of euphoria or gregariousness,
depending on whether the addicted provider is high or in
withdrawal;

� Increasing episodes of anger, irritability, and hostility;
� Spending more time at the hospital, even when off duty,

often with odd intentions (coming in on a Saturday
afternoon to set up a room for a case scheduled for late on
Monday) in order to obtain and use drugs;

� Volunteering for extra call as an excuse to remain at work;
� Refusing relief for lunch or coffee breaks, so that the

diversion of drugs for personal use is not discovered;
� Requesting frequent bathroom breaks, during which the

addicted provider frequently self-administers drugs;
� Signing out increasing amounts of narcotics or quantities

inappropriate for the given case, so that more is available
for self-administration; and

� Weight loss and pale skin, as less time and energy are spent
taking care of him- or herself.

Whereas addiction to alcohol may take years to become appar-
ent, addiction to the short-acting opioids, fentanyl and espe-
cially sufentanil, becomes apparent over the course of a few
months of use. Depending on the half-life of the abused agent,
tolerance can develop rapidly. Self-administration of 1000 �g
(20 ml) of fentanyl in a single injection has been reported
by addicts and described as simply relieving the symptoms of
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withdrawal. An addicted anesthesia provider will often request
increased quantities of opioids on Fridays in preparation for an
extended period of time away from work.

Early identification of the addicted anesthesia provider
can prevent harm to both the impaired provider and his or
her patients. Unfortunately, the entire picture of the addicted
provider is seldom appreciated by any one person. Friends and
family may observe behavioral changes at home that may pass
unnoticed by colleagues at work and are attributed to stress
on the job. Hanging around work may be interpreted as stress
at home. The individual who suffers from addiction is almost
always the last to recognize that a problem exists. It is therefore
important that those peoplemost likely to observe the signs and
symptoms of addiction gain a clear understanding of the dis-
ease and what to do if they suspect that someone may have a
problem. Education of both professional staff and the signifi-
cant others of anesthesia staff is important.

Diversion
Addicted anesthesia providers have reported charting the use
of their drug of choice when in fact either an alternate agent
or none at all was administered, allowing for the diversion of
the drug for personal use. To facilitate this diversion,�-blockers
may be administered and charted as opioids. Addicts have been
known to substitute a syringe containing a �-blocker or saline
for one containing an opioid while providing a relief break for
a coworker. Some addicted anesthesia providers have admitted
to rummaging through sharps containers looking for residual
drug in discarded syringes. Addicted anesthesia providers are
extremely ingenious and quickly become proficient at remov-
ing controlled substances from secure places and defeating
the security features of automated dispensing machines. Drugs
have been removed from glass ampules and replaced with
another liquid without apparent evidence of tampering.

Intervention
Unfortunately, many addicted anesthesia providers are first
identified by a crisis, particularly an overdose. Anesthesia
groups should have a designated individual (or group) responsi-
ble for health andwelfarewith sufficient information and exper-
tise to assist in interventions for colleagues whose behavior
raises concerns. This position is extremely sensitive and must
be handled with care to avoid ruining the career of a colleague.
Erratic behaviormay havemany causes, and professionals learn
to avoid using the term addiction without clear support of such
a diagnosis.

Diagnosis and treatment
An addictionologist and an additional psychiatrist, who focuses
on evaluation and treatment of individuals with alcohol,
drug, or other substance-related disorders and of individ-
uals with a dual diagnosis of substance-related disorders,
should direct the diagnosis and treatment of the addicted

anesthesia provider. A referral may be obtained from drug
treatment centers, theAmerican Society ofAddictionMedicine,
or state impaired-physician programs. Because of the associ-
ation between chemical dependence and other psychopathol-
ogy, successful treatment for addiction is less likely when
comorbid psychopathology is not treated. Any individual under
evaluation or treatment for substance abuse should have an
evaluation with subsequent management of comorbid psychi-
atric conditions.

Anesthesia providers who are abusing opioids or other anes-
thetic agents are commonly sent for residential treatment that
may last anywhere from 2 months to a year or more. Inpa-
tient treatment in a facility that specializes in the treatment
of addicted medical professionals is important because the
affected individual may develop the support of other similarly
affected colleagues. There are currently no programs in the
United States that admit only medical professionals, but sev-
eral treatment centers offer programs for medical personnel
as a group within the larger inpatient population. Typically in
these programs group therapy sessions are structured so that
the members of the medical professional population are sepa-
rated from the general population. Treatment in such a facility
(where some of the other patients are health care professionals)
is perceived to be beneficial.

Treatment typically involves detoxification, monitored
abstinence, education, exposure to self-help groups, and psy-
chotherapy. Inpatient therapy is typically intensive, with staff
contact extending up to 12 hours per day, 7 days per week. In
this setting, the addicted anesthesia provider is removed from
the stresses of daily life as well as from access to alcohol and
drugs. Participation in self-help groups is considered a vital
component in the therapy of the impaired anesthesia provider.
Following successful completion of the inpatient treatment
program, the individual is discharged either to a halfway house
or directly to the community.

Returning to work
Most states allow an anesthesia provider to return to work after
inpatient treatment as long as they remain under the super-
vision of a health and well-being organization, such as those
sponsored by the state medical or nursing society. Anesthesia
providers in recovery are typically required to sign a monitor-
ing contract that includes regular contact with a caseworker
at the monitoring organization, worksite observation, and ran-
dom urine drug and alcohol screens for a minimum of 5 years.
These contracts mandate complete abstinence from all mood-
altering drugs, participation in facilitated group psychotherapy
with other recovering medical professionals, and regular atten-
dance and participation in self-help fellowships such as Alco-
holics Anonymous or Narcotics Anonymous.

TheAmericanswithDisabilities Act (ADA) offers some pro-
tections to the addicted anesthesia provider, placing the onus
of responsibility on the employer to prove that the employee is
unable to perform the responsibilities of his occupation. These
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protections are limited in scope and have been applied differ-
ently to individuals who are dependent on alcohol versus illegal
drugs. No protection is afforded to the user of substances other
than alcohol unless he or she is currently in a treatment ormon-
itoring program. Diversion of controlled substances is a felony.
If charges are brought, the ADA does not offer any protection.

Whether anesthesia personnel should be allowed to return
to the operating room after successful treatment remains highly
controversial. Redirection of anesthesia providers who have
successfully completed treatment into other medical specialties
may allow a greater percentage to achieve successful careers.
A graded reintroduction into the clinical practice of anesthe-
sia may reduce the incidence of death as the initial presenting
sign of relapse as compared to reintroduction after only a short
period of treatment. The current thought is that the decision to
allow an individual to return to the practice of clinical anesthe-
sia should be made on a case-by-case basis.

Risk factors for relapse
Thedisease of addiction is conceptualized as chronic and incur-
able. As such, individuals who have successfully undergone
treatment and are currently in recovery are still at risk for
relapse. Factors that are associated with an increased risk of
relapse include a family history of substance use disorder, the
use of a major opioid, and the presence of a coexisting psychi-
atric disorder. The use of a major opioid increases the risk of
relapse only in patients with a coexisting psychiatric disorder.

Prevention
Control of drug supply and education are the mainstays of pre-
vention. Random drug screening for all anesthesia personnel
remains a contentious issue; few training programs or hospitals
employ such a policy.

Because a major contributing factor of addiction in anes-
thesia providers may be easy access to opioids and other psy-
choactive substances, a number of methods for control of these
agents in the operating room have been developed. Careful
record keeping and evaluation of use of narcotic patterns allows
for tighter control and earlier detection in suspected cases of
abuse. Anesthesia information management systems have been
successfully used to identify patterns suspicious for diversion
among anesthesia personnel. Computerized records may be
examined to identify high use of opiates, high wastage of con-
trolled substances, transactions that occur on cancelled cases
or after case completion, and automated dispenser transactions
that occur in a location away from that of the scheduled case.

Education of the anesthesia community regarding the
potential for substance abuse among anesthesia providers is also
important.Widespread education of the anesthesia community

may aid in the early detection of afflicted colleagues. Unfortu-
nately, despite the increased number of hours devoted to such
education, the rate of known substance abuse by anesthesia
providers remains constant at approximately 1.5%. There are
a number of educational videos that directly address the issue
of substance abuse and anesthesia personnel and may be used
as part of a educational program for individuals in training in
anesthesiology. Some programs have specifically organized ses-
sions for the spouses of the trainees to view one ormore of these
films together.

Conclusion
Addiction is still considered bymany to be an occupational haz-
ard for persons involved in the practice of anesthesiology. It
has been suggested that the presence of readily available, highly
addictive agents in our work environment contributes to the
potential for abuse in a subset of the population at risk. Because
it is not possible to identify these people before they become ad-
dicted, it is essential that each of us learns to recognize the
signs and symptoms of addiction when they are manifested
so that we may preserve the safety both of our colleagues and
of their patients. Although some highly motivated individuals
have been able to successfully reenter the clinical practice of
anesthesia and avoid relapse, this is not always the case. Success-
ful completion of a treatment program does not guarantee free-
dom from future relapse, even several years into recovery. Each
case must be carefully evaluated before the decision is made to
allow an addicted physician to attempt a return to the practice
of anesthesiology.
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184 Hypertrophic cardiomyopathy and
prolonged QT interval
Michael Decker and John D. Mitchell

Introduction
Hypertrophic cardiomyopathy (HCM) is now known to be an
autosomal dominant genetic disorder involving mutation of
1 of 12 possible genes. It has an incidence of approximately
1:500. The disease is often unrecognized and remains one of
themost common causes of sudden cardiac death in young per-
sons. The diagnosis of HCM can be made by echocardiography
and involves left ventricular (LV) hypertrophy in the absence of
other diseases capable of producing such hypertrophy.The pat-
tern of hypertrophy is typically asymmetric, and the hypertro-
phy is associated with a nondilated chamber. Although an LV
wall thickness of 15 mm is part of the usual criteria, there are
cases of HCMmutations with normal wall thickness. The ante-
rior ventricular septum is the most common region affected,
with the basal posterior LV wall typically spared.

Patients with HCM present numerous challenges for the
anesthesiologist.The hypertrophied heart inHCM is associated
with a disorganized myocardial architecture leaving patients
susceptible to ventricular arrhythmias. The mitral valve appa-
ratus can be malformed (increased valve area and anomalous
papillary muscle insertion) and can be responsible for out-
flow tract obstruction associated with a majority of HCM cases.
Patients also show evidence of impaired myocardial relaxation
with prolonged isovolumic relaxation time, deceleration times,
and increased filling pressures. Finally, patients have abnormal
microvasculature and are susceptible to myocardial ischemia
(see Figure 184.1).

TheLVoutflow tract obstruction that occurs associatedwith
HCM is a dynamic one. It is exacerbated by a reduction in
preload, an increase in contractility, or a decrease in afterload.
It will typically occur in mid to late systole with apposition of
the anterior leaflet of the mitral valve against the hypertrophied
septal wall. The goals in management often involve minimizing
the possibility of this dynamic obstruction.

Themedicalmanagement of these patients typically involves
�-blockers or calcium channel blockers – specifically, vera-
pamil. These drugs tend to improve the symptoms of exer-
tional dyspnea and atypical angina associated with HCM.
When symptoms are refractory to first-line medications, other
agents with negative inotropic effects have been used, including
disopyramide. For those patients with obstructive disease and
refractory symptoms, septal myomectomy is a surgical option.

More recently, catheter-based alcohol ablation has been used.
There has, however, been an increased incidence of arrhyth-
mia post ablation, possibly related to the large scar after the
technique. Concern about sudden death has in the past war-
ranted prophylaxis in asymptomatic patients with �-blockers,
verapamil, and Class I antiarrhythmic agents.There is little evi-
dence of risk reductionwith these therapies, so patients deemed
at high risk of sudden death are now often having implantable
cardioverter-defibrillator (ICD) placements. In persons with
previous arrest or sustained ventricular tachycardia (VT), ICD
implantation is strongly recommended.

As anesthesiologists, we can encounter either the patient
with diagnosed and managed or undiagnosed HCM. These
patients are susceptible to various complications, includ-
ing congestive heart failure, myocardial ischemia, systemic
hypotension, and arrhythmias. In untreated patients diagnosed
with HCM in the perioperative period, the use of �-blockers
might seem counterintuitive for management of hypotension

Figure 184.1. Mechanism of HCM.
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Table 184.1. Medications that may trigger torsades de pointes

Antibiotic Antiarrhythmic
Chloroquine Amiodarone
Clarithromycin Bepridil
Erythromycin Disopyramide
Halofantrine Dofetilide
Pentamidine Ibutilide
Sparfloxacin Procainamide

Quinidine
Pain Sotalol
Levomethadyl
Methadone Antipsychotic

Chlorpromazine
Miscellaneous Haloperidol
Cisapride Mesoridazine
Droperidol Pimozide

Thioridazine

Adapted from ArizonaCERT list of drugs that are generally accepted to have
a risk of causing torsades de pointes. Visit www.torsades.org for complete
list.

with tachycardia but certainly may prove useful in easing the
obstructive pattern in well-resuscitated patients. Phenylephrine
and fluid resuscitation would also be more than appropriate for
management of acute hypotension with tachycardia if obstruc-
tive physiology is the suspected cause.

Prolonged QT syndrome
The prolonged QT syndrome is the result of a defect in cardiac
ion channels. The syndrome can be inherited in an autosomal
recessive pattern (part of Jervell and Lange-Nielsen syndrome),
can be autosomal dominant (Romano andWard syndrome), or
can arise out of spontaneous mutations. The congenital syn-
drome has an incidence estimated at 1 in 5000.

Patients with long QT syndrome display prolongation of
the QT interval on electrocardiogram (ECG) defined as QTc �
440 ms (QT/

√
RR interval). The clinical symptoms can include

syncope, cardiac arrest, and pseudoseizures. These symptoms
are likely triggered by the ventricular arrhythmia known as
torsades de pointes. The arrhythmia causes a decreased cere-
bral perfusion and manifestation of the symptoms just men-
tioned. A small percentage of patients with the long QT
syndrome will have these symptoms, despite a normal QTc
interval. In addition to a prolonged QT interval, other ECG
changes may be present, including T wave alternans (beat-to-
beat T wave amplitude variation), which is considered pathog-
nomonic. There are published criteria for the diagnosis which
take into account family history, clinical history, and ECG
findings.

The feared arrhythmia of torsades de pointes and its rela-
tionship to QT prolongation is not entirely clear. It is believed
that the abnormal repolarization (specifically, increased
transmural dispersion of repolarization) can lead to the
formation of reentry circuits. The trigger may be increased
sympathetic activity or any of a number of medications
(Table 184.1).

When patientswith longQT syndromehave been identified,
it is essential that they are treated. Mortality approaches 50%
over 10 years in untreated symptomatic patients, but it can be
reduced to less than 5% with treatment. The mainstay of ther-
apy is �-blockade, which has been shown to reduce mortality
in long QT syndrome patients. In those patients who are symp-
tomatic despite adequate �-blockade, ICDs have been used.
Finally, left cardiac sympathetic denervation also has been used
in refractory cases.

Patients presenting for surgery with the long QT syndrome
may be asymptomatic, may have a normal QT interval on ECG,
ormay be diagnosed and treated. For the anesthesiologist, iden-
tification of persons at risk, avoidance of triggers, and manage-
ment of torsades de pointes are essential.

Patients presenting for surgery with any personal or fam-
ily history of symptoms suspicious for the syndrome should
have, at the least, an ECG. Sympathetic stimulation, includ-
ing loud noises, can be triggers, so ensuring a quiet, calm
environment is important, and premedicating these patients is
reasonable.

If a patient is on �-blockade, it should be continued
throughout the perioperative period. Serum electrolytes should
be normal. Hypokalemia, hypocalcemia, and hypomagne-
semia can all delay repolarization. Avoid medications that are
known to prolong the QT interval or precipitate torsades de
pointes.

Blunt the stimulation of laryngoscopy with potent short-
acting opioids, or manage the sympathetic response with
�-blockers. Opioids can be helpful in blunting sympathetic
stimulation from intubation. Avoid hypothermia. Halothane
should also be avoided, but enflurane, isoflurane, and sevoflu-
rane all increase the QT interval. Propofol may be beneficial as
an induction agent with respect to QT duration, and thiopental
and midazolam appear safe. Succinylcholine and pancuronium
should be avoided if possible. Avoid anticholinergic drugs (used
with reversal agents), if possible.

Regarding postoperative nausea and vomiting, haloperidol
and droperidol both prolong the QT interval and should be
avoided. Evidence also suggests that ondansetron has a possible
risk for torsades de pointes but may be preferable to the buty-
rophenones. Regional anesthesia appears to be safe, but avoid
epinephrine-containing solutions.

If, despite all your efforts, a patient develops torsades de
pointes, it is important to treat the arrhythmia aggressively
before it degenerates into ventricular fibrillation and requires
defibrillation. Magnesium sulfate is the treatment of choice to
treat and prevent short bursts of torsades, even if the magne-
sium level is normal. The dose is 30 mg/kg as a bolus, followed
by a 2 mg/min infusion. Transvenous pacing can be effective
in patients not responding to magnesium. In patients with sus-
tained torsades, cardioversion is required.
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