
123

Lessons from Morbidity and 
 Mortality Conferences

Jonathan L. Benumof
Gerard R. Manecke 
Editors

Clinical 
Anesthesiology II



Clinical Anesthesiology II



Jonathan L. Benumof • Gerard R. Manecke
Editors

Clinical Anesthesiology II
Lessons from Morbidity and Mortality 
Conferences



ISBN 978-3-030-12363-5    ISBN 978-3-030-12365-9 (eBook)
https://doi.org/10.1007/978-3-030-12365-9

© Springer Nature Switzerland AG 2019
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims 
in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Editors
Jonathan L. Benumof
Department of Anesthesiology
University of California
UCSD Medical Center
UCSD School of Medicine
San Diego, CA
USA

Gerard R. Manecke
Department of Anesthesiology
University of California
UCSD Medical Center
UCSD School of Medicine
San Diego, CA 
USA

https://doi.org/10.1007/978-3-030-12365-9


v

Preface

In 2014, we published a unique book, Clinical Anesthesiology: Lessons Learned 
from Morbidity and Mortality Conferences. We now present a logical companion to 
that book: Volume II, Clinical Anesthesiology: Lessons Learned from Morbidity 
and Mortality Conferences. An extension of its predecessor, this volume is a compi-
lation of new selected cases presented at the weekly University of California San 
Diego (UC San Diego) Department of Anesthesiology Morbidity and Mortality 
(M + M)/Quality Improvement (QI) conferences. Case descriptions, relevant physi-
ological and medical issues, and “lessons learned” have been written up in the form 
of chapters to create an easily accessible, clinically relevant compendium. Two 
main factors prompted us to create this new book. The first is that Volume I is very 
popular, with electronic access exceeding 111,000 “look-ups” since its publication. 
The publisher informs us that, for clinical medicine texts, this performance is excel-
lent. Evidently, readers find the format of the book and teaching points valuable. 
Secondly, the “lessons” just keep coming! Our weekly conferences continue to be 
very high-quality case descriptions and discussions presented by a resident and 
moderated by a senior, learned faculty (often ourselves ☺). Each conference has 
teaching points brought forth by the moderator, other faculty during discussion, the 
presenting resident, and other attendees. Being a tertiary/quaternary care health sys-
tem, UC San Diego has many critically ill patients, as well as numerous healthy 
patients undergoing “bread and butter” procedures. Thus, at UC San Diego, there is 
a virtually limitless supply of challenging anesthetics, complex surgeries, emer-
gency calls, and unexpected events in the operating rooms, ICUs, and floor units – 
all with take-home lessons galore. Immediately upon the completion of Volume I, 
we recognized that we were rapidly accumulating important new clinical and teach-
ing material for a Volume II.

These new case chapters are presented in the same format as in the first volume, 
with each consisting of a case description and “lessons learned,” gleaned from either 
the case or the subsequent conference discussion. We believe this format is unique 
and informative, since it incorporates the case experience of the provider, the “clini-
cal pearls” from the discussion of the group, the lessons provided by the moderator, 
and the important source information from the medical literature.
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There are two significant differences between this volume and Volume I, how-
ever. The first is that in this text, we have asked the authors of each chapter to go into 
significant depth – there are very few superficial discussions in this book. The intent 
is for the reader to be able to obtain detailed, up-to-date information on a clinical 
problem, condition, or case scenario, without having to consult other sources. 
Source references are, of course, provided, should the reader desire to delve even 
deeper or understand the background and data supporting each chapter. The second 
difference involves the grouping and ordering of the chapters. In the first volume, 
the chapters were grouped according to general physiologic systems or areas of 
anesthetic practice (e.g., respiratory, circulatory, obstetric, pain, and regional). In 
this volume, the chapters seemed to be organized according to the impact or poten-
tial impact on the patient (e.g., death, major morbidity, minor morbidity, no morbid-
ity but clinically challenging). We have thus grouped them by those categories.

Although all the cases in this volume are new, there is necessarily some overlap 
in the material provided in this volume and the previous one. Items such as hypox-
emia, ventilation problems, hypotension, dysrhythmias, obstructive sleep apnea, 
coagulopathies, and potential for airway fire are recurring themes in our practice 
and discussions. Thus, they are found in both volumes, in one form or another. 
There are other chapters in Volume II that cover new and difficult subjects such as 
death during monitored anesthesia care, drug administration error, massive pulmo-
nary hemorrhage, and abdominal compartment syndrome.

We have both learned a great deal in compiling this text and believe that the 
reader will likewise learn and benefit from it. We are even so bold as to suggest that 
the reader’s patients will benefit as well. In the preface to Volume I, we pointed out 
the unique nature of the approach, saying “Try it, you’ll like it.” You did try it, and 
you did like it. With this volume, we say “Try it again, you’ll like it again!”

San Diego,  Jonathan L. Benumof, MD
  

CA, USA
    Gerard R. Manecke, MD 

Preface
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Chapter 1
Death During Monitored Anesthesia Care

Kevin D. Marcus and Jonathan L. Benumof

The patient was a 69-year-old, 155  cm, 68  kg female with a calculated BMI of 
28.3 kg/m2, who presented with significant right-upper-quadrant pain. Work-up on 
the patient revealed choledocholithiasis with evidence of cholecystitis. The patient 
was subsequently scheduled for endoscopic retrograde cholangiopancreatography 
(ERCP) (L-1) in the endoscopy suite.

Prior medical history was significant for obesity, now several years status-post 
laparoscopic gastric band surgery. There was otherwise no significant past medical, 
surgical, or medication history. A preoperative chest X-ray and EKG were unre-
markable. Blood work showed mildly elevated liver enzymes and a hemoglobin and 
hematocrit of 10.8 gms/dl and 33%. Vital signs were as follows: BP = 135/73 mmHg, 
HR = 81 bpm, and SpO2 = 97% on room air. The patient was deemed to be ASA 
class II, with mild systemic disease, and taken to surgery with plans for a MAC 
anesthetic (L-2) with propofol sedation (L-3).

The patient was positioned prone with O2 via nasal cannula at 5 L/min. A nonin-
vasive blood pressure cuff, EKG/HR, and SpO2 were used to monitor the patient. 
Continuous CO2 monitoring was not employed, and an anesthesia machine was not 
in the endoscopy suite (L-4, 5). However, an American Heart Association (AHA) 
ACLS “crash” cart was located 50 ft down a hallway.

Anesthesia was induced with an initial propofol bolus of 70 mg, and over the 
next 40 min, an additional 310 mg was given in intermittent, divided doses ranging 

K. D. Marcus (*) 
Department of Anesthesiology, Mission Hospital – Mission Viejo, Mission Viejo, CA, USA 

J. L. Benumof 
Department of Anesthesiology, University of California, UCSD Medical Center,  
UCSD School of Medicine, San Diego, CA, USA
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from 30 to 70 mg. A total of 380 mg of propofol was given during the course of the 
40-min ERCP (L-6).

Minutes after the final dose of propofol was given, the anesthesia provider 
noticed an approximately 50% decrease in the patient’s blood pressure, heart rate, 
and pulse oximeter values. A code was called. The patient was then turned supine 
and bag mask ventilation was instituted. The decision was made to intubate the 
patient, and direct laryngoscopy by the anesthesiologist revealed what was thought 
to be a grade I view of the larynx, and an endotracheal tube (ETT) was passed. One 
to 2 min after the tracheal intubation attempt, an emergency department (ED) physi-
cian arrived on the scene with a portable colorimetric CO2 monitor (Easy Cap detec-
tor), but this monitor was not utilized at this time. There was no CO2 confirmation 
of correct ETT placement (L-7).

Several minutes after the ETT was placed, the patient’s peripheral pulses were 
lost to continuous palpation by the ED physician, and there were no audible breath 
sounds on auscultation or color change on the colorimetric CO2 detector. The ETT 
was removed, and a repeat laryngoscopy was performed with placement of a second 
ETT. This time, there was portable exhaled CO2 colorimetric confirmation of cor-
rect ETT position within the trachea (L-8). However, the patient was unable to be 
resuscitated despite administration of ACLS during the code blue.

 Lessons Learned

 L-1: What Is an ERCP?

ERCP stands for endoscopic retrograde cholangiopancreatography and is an inva-
sive procedure performed primarily by gastroenterologists for both diagnostic and 
therapeutic purposes related to the biliary and pancreatic ductal systems. An endo-
scope is passed through the mouth and past the stomach into the duodenum where 
the opening to the biliary and pancreatic ducts, the ampulla of Vater, is located 
(Fig. 1.1a). A catheter is then advanced through this ampulla and into the biliary and 
pancreatic ducts, at which point the ductal anatomy can be explored, usually by way 
of injection of radiopaque dye, which is seen on fluoroscopy.

Therapeutic interventions are also possible, such as removal of stones. The 
sphincter of Oddi, a circular band of muscle that surrounds the ampulla of Vater, 
can sometimes present a barrier to access. This is solved with a sphincterotomy 
(Fig. 1.1b), which can be stimulating and painful to the patient. Removal of stones 
by deployment of a distal basket or balloon (Fig. 1.1c) can also prove to be painful 
as the stones are swept out of the ducts. Careful attention must be paid to these 
portions of the procedure as they may require adjustment in the level of 
sedation.

Common indications for ERCP include obstructive jaundice, choledocholithia-
sis, pancreatic tumors, dilation of strictures, and insertion of stents.

K. D. Marcus and J. L. Benumof
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 L-2: What Is a “MAC” Anesthetic? (Fig. 1.2)

Monitored anesthesia care, or MAC, is a “specific anesthesia service in which an 
anesthesia provider has been requested to participate in the care of a patient under-
going a diagnostic or therapeutic procedure” [1]. The MAC service includes all 
aspects of anesthesia care, including a pre-procedure visit, intra-procedure care, and 
post-procedure anesthesia management [2]. Relief of pain, treatment of complica-
tions, or diagnosis and treatment of coexisting medical problems are just a few 
examples of what the MAC service might entail.

According to the ASA position statement on MAC, “monitored anesthesia care 
may include varying levels of sedation, analgesia and anxiolysis as necessary” 
[2]. This means that the anesthetic during a MAC may range from local anesthe-
sia without sedation to deep sedation and even general anesthesia. Even if a 
patient is thought to require only minimal sedation for a procedure, they may 
need a MAC service because there is the potential for adverse effects, either sec-
ondary to the sedation given or the procedure itself, which would require interven-
tion from an anesthesia provider ranging from resuscitation to general anesthesia [3]. 

a b

c

Fig. 1.1 Anatomy of the biliary and pancreatic ductal systems, during ERCP. (a) Biliary system 
anatomy depicting impacted common bile duct gallstone. (b) Sphincterotomy for passage of cath-
eter into common bile duct. (c) Inflation of distal balloon for gallstone removal. (Reprinted from 
Fogel and Sherman [18]. With permission from Massachusetts Medical Society)

1 Death During Monitored Anesthesia Care
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Therefore, MAC is an anesthesia service and does not imply a specific type of anes-
thesia being administered.

It should be apparent from the above that a central tenant from the ASA regard-
ing MAC is that the anesthetic provider “must be prepared and qualified to convert 
to a general anesthetic when necessary” [2]. This fact is key to differentiating MAC 
from “moderate sedation,” as non-anesthesia personnel can often provide moderate 
sedation (see L-3). MAC service allows for safe administration of a maximal depth 
of sedation in excess of what can be provided during moderate sedation, by person-
nel equipped to provide general anesthesia. There is also an ASA expectation that a 
provider of a MAC service must be able to “utilize all anesthesia resources to sup-
port life” [3]. This directive further differentiates “moderate sedation” from a MAC 
service.

The statements “utilize all anesthesia resources to support life” [3] and “be pre-
pared and qualified to convert to general anesthesia” [2] strongly imply that an 
anesthesia machine, or the component parts of the anesthesia machine, be immedi-
ately available to anyone who provides a MAC service (Fig. 1.2).

 L-3: What Are the Different Levels of Sedation?

The ASA defines four distinct levels of sedation or anesthesia, namely, minimal 
sedation, moderate sedation, deep sedation, and general anesthesia [1] (Table 1.1). 
The commonly used term “conscious sedation” is synonymous with a moderate 
sedation level.

Fig. 1.2 Components of MAC anesthesia service

K. D. Marcus and J. L. Benumof
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As depicted in the above table, the various levels of sedation and anesthesia are 
largely defined by the patient’s response to various stimuli during the course of their 
sedation.

Minimal sedation is defined as a “drug-induced state during which patients 
respond normally to verbal commands” [1]. Cognitive function and physical coor-
dination may be slightly impaired.

Moderate sedation, or “conscious sedation,” is defined as “drug-induced depres-
sion of consciousness during which patients respond purposefully to verbal com-
mands, either alone or accompanied by light tactile stimulation” [1]. Purposeful 
responses do not include reflex withdrawal. Non-anesthesia providers can give mod-
erate sedation to patients but must be trained to also recognize deep sedation, man-
age its consequences, and adjust the level of sedation to a moderate or lesser level.

Deep sedation is defined as a “drug-induced depression of consciousness during 
which patients cannot be easily aroused, but respond purposefully following 
repeated or painful stimulation” [1]. It is during deep sedation that spontaneous 
ventilation may become compromised, requiring an airway intervention by the pro-
vider. It is for this reason that in cases where deep sedation may be required, a MAC 
service is essential for the reasons discussed in the previous lesson (see L-2).

General anesthesia is defined as a “drug-induced loss of consciousness during 
which patients are not arousable, even by painful stimulation” [1]. It is at this point 
that spontaneous ventilation is often inadequate and airway intervention is frequently 
required, although general anesthesia does not mandate use of an advanced airway.

The ASA’s position statement on the various levels of sedation comments that the 
level of sedation is fluid and can rapidly fluctuate from one level to another and that 
it is often not possible to predict an individual’s response to sedative or hypnotic 
medications. For this reason, it is recommended that a provider of sedation be able 
to rescue and treat a patient who becomes one level deeper than expected [1]. For 
instance, if a provider is planning “deep sedation,” they must be prepared to provide 

Table 1.1 ASA definition of levels of sedation and general anesthesia in terms of various clinical 
parameters

Clinical 
parameter

Minimal 
sedation Moderate sedation Deep sedationa

General 
anesthesia

Responsiveness Normal 
response to 
verbal stimuli

Purposeful 
response to verbal 
or tactile stimuli

Purposeful response 
following repeated 
painful stimuli

Unarousable even 
with painful 
stimulus

Airway patency 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

Based on data from Ref. [1]
aIf a provider is planning deep sedation, they must be prepared to provide a general anesthetic 
according to the ASA position statement. This may include the probability of needing an anesthe-
sia machine

1 Death During Monitored Anesthesia Care
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a general anesthetic and all that accompanies this service, which may include the 
probability of needing an anesthesia machine.

 L-4: What Are the Standard ASA Monitors?

The ASA last published practice guidelines on the standards for basic anesthetic 
monitoring in 2010, with an effective date of July 1, 2011. These standards were 
meant to apply to all anesthesia care, including general anesthesia, regional anesthe-
sia, and monitored anesthesia care. The overall standard is that “the patient’s oxy-
genation, ventilation, circulation and temperature be continually evaluated” [4].

 Oxygenation

To adequately ensure blood oxygenation, it is required that a quantitative method of 
assessing oxygenation, such as pulse oximetry, be used for all anesthetics. It is not 
enough just to use a pulse oximeter; a variable pitch pulse tone, which changes with 
specific O2 saturation levels, and low threshold alarm must also be audible to the 
anesthesiologist. For general anesthetics utilizing an anesthesia machine, it is also 
required that an oxygen analyzer with a low O2 concentration alarm be used to 
assess the oxygen concentration in the breathing circuit (Table 1.2).

Table 1.2 Monitoring requirements for each clinical parameter listed in the ASA practice 
guideline for basic anesthetic monitoring during moderate/deep sedation and general anesthesia

Clinical parameter 
to be monitored Mandatory monitors Additional/supplementary monitors

Oxygenation Pulse oximeter with audible 
alarms

None, all monitoring mandatory

Oxygen analyzer with low [O2] 
alarm

Ventilation (also see 
Table 1.3)

Continual exhaled CO2 
detection

Quantitative monitoring of volume of 
expired gasb

Audible alarm for detecting 
circuit leaksa

Circulation Continuous ECG tracing Palpation of pulse
BP and HR every 5 min Auscultation of heart sounds

Arterial line pressure tracing
Ultrasound peripheral pulse monitoring
Pulse plethysmographyc

Body temperature Must be monitored when clinically significant changes are intended, 
anticipated, or suspected

aOnly when ventilation is controlled by mechanical ventilator
bStrongly encouraged by ASA during general anesthesia
cAt least one of the listed additional circulation monitors must be used in addition to the mandatory 
monitors

K. D. Marcus and J. L. Benumof
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 Ventilation

The practice guidelines to ensure adequate ventilation depend on the type of anes-
thesia that is being provided. The anesthesia provider need only assess the qualita-
tive clinical signs of adequate ventilation during regional or local anesthesia 
performed without sedation (Table 1.3). These qualitative clinical signs may include 
chest excursion, observation of the reservoir breathing bag, or auscultation of breath 
sounds [4]. However, during moderate, deep sedation and general anesthesia, the 
“adequacy of ventilation SHALL be evaluated by the presence of exhaled CO2 unless 
precluded or invalidated by the nature of the patient, procedure or equipment” [4]. 
These preclusions might include cardiopulmonary bypass, operations on the nose 
and mouth, or machine malfunctions mid-operation, all of which may affect the 
ability to accurately interpret exhaled CO2.

For general anesthesia with an endotracheal tube (ETT) or laryngeal mask air-
way (LMA), correct positioning must be verified by clinical assessment and exhaled 
CO2. Additionally, continuous end-tidal CO2 using capnometry, capnography, or 
mass spectroscopy must be in use from the time of placement of the airway device 
to the time of removal.

Table 1.3 ASA statement on the requirements for adequate monitoring of ventilation

Depth of 
anesthesia 
+/− airway

Regional or 
local 
anesthesia 
without 
sedation

Moderate or deep 
sedation

General anesthesia 
without airway

General anesthesia 
with ETT or LMA

Quote from the 
ASA on the 
type of 
monitoring 
required for 
ventilation 
based upon the 
depth of 
anesthesia

“The adequacy 
of ventilation 
shall be 
evaluated by 
continual 
observation of 
qualitative 
clinical  
signsa” [4]

“The adequacy of 
ventilation shall 
be evaluated by 
continual 
observation of 
qualitative 
clinical signsa 
and monitoring 
for the presence 
of exhaled 
carbon dioxide” 
[4]

“Every patient 
receiving general 
anesthesia shall 
have the adequacy 
of ventilation 
continually 
evaluated…
continual 
monitoring for the 
presence of 
exhaled CO2 shall 
be performed” [4]

“Continual end-tidal 
CO2 analysis, in use 
from the time of ETT/
LMA placement until 
extubation/removal… 
shall be performed 
using a quantitative 
method such as 
capnography, 
capnometry or mass 
spectroscopy” [4]

Qualitative 
clinical signs

YES YES YES YES

Qualitative CO2 
monitoringb

NO YES YES NO

Quantitative 
CO2 monitoring

NO NO NO YES

aQualitative clinical signs may include chest excursion, assessment of the reservoir breathing bag 
movement, or auscultation of breath sounds
bFor example, colorimetric CO2 detection devices

1 Death During Monitored Anesthesia Care
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Note that the essential difference between regional and/or local anesthesia with-
out any sedation given and moderate or deep sedation is that with no sedation given, 
a provider need only monitor qualitative signs of adequate ventilation; however, if 
any sedation is given, one must also utilize, at a minimum, qualitative exhaled CO2 
monitoring.

 Circulation

To ensure adequate circulation during all anesthetics, multiple monitoring compo-
nents must be satisfied. First, every patient must have a continuously displayed elec-
trocardiogram from the beginning to the end of the anesthetic. Secondly, arterial blood 
pressure and heart rate must be assessed at least every 5 min. Lastly, circulation must 
also be assessed by at least one of the following in addition to the mandates above: 
palpation of pulse, auscultation of heart sounds, intra-arterial pressure tracing, ultra-
sound peripheral pulse monitoring, or pulse plethysmography or oximetry [4].

 Body Temperature

In order to enable the anesthesia provider to maintain appropriate patient body tem-
perature during anesthesia, every patient must have their temperature monitored 
when clinically significant changes are intended, anticipated, or suspected [4].

The ASA has issued a separate statement on standards for appropriate respiratory 
monitoring that has specific implications to the case presented in this chapter. It 
states that “exhaled CO2 should be conducted during endoscopic procedures in 
which propofol alone or in combination with opioids and/or benzodiazepines” are 
utilized for sedation [5]. The statement clearly emphasizes that special attention 
needs to be paid to ERCP procedures performed in the prone position.

In summary, the basic monitors required for all anesthetics are pulse oximetry, 
exhaled CO2 (except when no sedation given), continuous electrocardiography, 
arterial blood pressure monitoring (usually via noninvasive cuff pressures), heart 
rate display (usually via ECG, pulse oximetry, or noninvasive blood pressure), and 
temperature. In this case, the provider failed to adequately assess ventilation by not 
having a means of monitoring exhaled CO2. They also failed to appropriately con-
firm placement of their ETT with exhaled CO2 (see L-7).

 L-5: What Are the Advantages of Having an Anesthesia 
Machine at Out-of-the-OR Locations?

Many times, anesthesia providers are asked to administer sedation and/or general 
anesthesia in locations other than the operating rooms. These out-of-OR locations 
may include endoscopy suites, interventional radiology, interventional cardiology, 

K. D. Marcus and J. L. Benumof
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MRI or CT scanners, or even ICU beds. Providing anesthesia in these remote loca-
tions can be an unfamiliar and even dangerous experience, if not properly prepared.

In a review of the ASA Closed Claims database, it was determined that overall, 
patients receiving anesthesia in remote locations were older, had higher ASA clas-
sifications, and more often underwent emergent procedures than those patients in 
the OR [6]. The most common anesthetic technique at remote locations was MAC, 
whereas general anesthesia was the most common anesthetic technique in the 
OR.  Although adverse respiratory events were the most common mechanism of 
injury at both locations, they occurred roughly twice as commonly in remote loca-
tions [6]. Furthermore, the proportion of deaths in outlying locations was nearly 
twice as what occurred in the OR [6] (Fig. 1.3). In-depth analysis of these closed 
claims cases revealed that injuries at these remote locations were more often judged 
to be preventable by better monitoring of patients.

Based upon the prior data, it would stand to reason that having all available sup-
plies to administer general anesthesia, despite whatever the initial plan for anesthe-
sia was, would be a prudent decision. Having a fully stocked anesthesia machine 
with attached monitors, drawers, and ventilators is of great value, especially when 
considering that an unanticipated anesthetic urgency or emergency might occur.

Some of the advantages of a fully stocked anesthesia machine include:

 1. Continuous CO2 waveform: usually in the form of a capnograph, continuous CO2 
is important for breath-to-breath confirmation of adequate ventilation. It is also 
useful for confirmation of appropriate ETT placement and adequacy of chest com-
pressions and return of spontaneous circulation during cardiac arrest (see L-8).

 2. Additional airway supplies: drawers in the anesthesia machine will typically 
have multiple additional laryngoscopes in various sizes and shapes. There is also 
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typically a bougie, as well as LMAs, oral/nasal airways, and other devices neces-
sary to complete the difficult airway algorithm.

 3. Mechanical ventilator: various modes of ventilation can be helpful in situations 
where sedation is rapidly converted to general anesthesia with the need for 
mechanical ventilation. There is also the added benefit of known minute ventila-
tion and the ability to set tidal volumes, respiratory rates, and respiratory modes.

 4. Additional O2 source: all anesthesia machines will have an extra E-cylinder of 
oxygen attached. This can prove invaluable in the event of loss of wall pressure 
or other malfunction. Having a backup O2 source is one of the absolute require-
ments for providing out-of-OR anesthesia [8].

 5. Touch-sensitive reservoir bag: provides tactile feedback when providing positive 
pressure ventilation and/or assisting spontaneous ventilation. The bag is also 
useful for determining changes in lung compliance/resistance and can even help 
in detecting early esophageal intubation in the hands of a skilled provider.

 6. Volatile anesthetics: in the event of conversion to a general anesthetic, having the 
option of providing volatile anesthesia is an advantage.

 7. N2O tank: readily available on most anesthesia machines is an E-cylinder of 
nitrous oxide, which can be used to provide additional inspired analgesia with 
minimal decrement in respiratory drive and minute ventilation.

 8. Suction: provides life-saving capability should the need arise for intubation in a 
patient with copious secretions, active vomiting, or a bloody airway. This is 
another mandatory item for providing anesthesia in out-of-the-OR locations 
according to the ASA [8].

 9. O2 flush valve: allows rapid filling of the anesthesia machine bellows and reser-
voir bag.

Although most of these supplies may also be found in anesthesia work rooms 
and collected prior to providing anesthesia in an out-of-OR location, having the 
complete anesthesia machine saves time and also prevents possible oversight that 
can happen when trying to assemble all of the necessary components listed above. 
Especially in an emergency situation, familiarity with your workstation and know-
ing you have all of the necessary equipment can mean the difference between a 
close call and a disaster.

 L-6: What Are the Guidelines for the Use of Propofol During 
MAC Anesthesia?

Propofol is an alkylphenol compound that is formulated as an egg lecithin emulsion 
commonly used for intravenous induction and maintenance of anesthesia. Once 
injected, propofol produces rapid hypnosis, usually within 40 s, and has a blood- 
brain equilibration half-time of 1–3  min [7]. Because propofol is a rapid-acting 
sedative-hypnotic, it is a very popular medication to administer for both general 
anesthesia and sedation cases (Table 1.4).

K. D. Marcus and J. L. Benumof
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Current recommendations for the dosing of propofol for sedation cases can be 
found in the above table [7]. However, no patient or procedure is exactly the same. 
Therefore, as with any other anesthetic agent, propofol must be carefully titrated by 
the anesthesia provider to achieve the desired sedative effects while minimizing the 
undesired side effects, such as cardiorespiratory depression. During sedation with 
propofol, side effects such as hypotension, hypopnea, apnea, and oxyhemoglobin 
desaturation are more common with intermittent bolus dosing [7]. For this reason, it 
is recommended by the manufacturers that a variable rate infusion method be used for 
maintenance of sedation instead of intermittent boluses [7]. If intermittent bolusing of 
propofol is to take place, it is recommended that the anesthesia provider wait a period 
of 3–5 min to allow for the peak drug effect of the previous dose to be observed clini-
cally before administering another dose so as to minimize the risk of overdosing [7].

Like nearly all anesthetic agents, propofol requires special consideration when 
being administered to the elderly (age >55 years) and debilitated patient popula-
tions. Due to decreased clearance rates and a decreased volume of distribution, the 
elderly population can be expected to have increased blood concentrations of pro-
pofol after equivalent doses in the younger population. This contributes to increased 
sedative and cardiorespiratory depressant effects in the elderly. Therefore, the man-
ufacturers of propofol have stated that, in the elderly (age >55 years), “repeat bolus 
administration should not be used for MAC sedation” and that the dosage “should 
be reduced to approximately 80% of the usual adult dosage” [7].

In the case presented herein, it is clear that the anesthesiologist did not follow 
several of the package insert recommendations for the administration of propofol 
for MAC sedation in an elderly patient (Fig. 1.4).

 L-7: Use of Exhaled CO2 to Confirm Placement of Endotracheal 
Tubes

Confirmation of correct placement of an endotracheal tube (ETT) within the trachea 
by presence of exhaled CO2 is mandated by several guidelines for the safe practice 
of anesthesia [4, 9, 10]. Visualization of the ETT passing through the vocal cords, 
although helpful, does not take the place of objective confirmation by exhaled CO2. 
Multiple methods exist for accurate confirmation of the exhaled CO2 after instru-
mentation of the airway.

Table 1.4 Propofol dosing recommendations for sedation cases based upon intermittent bolus 
dosing or continuous infusion

Method of 
administration Induction of sedation Maintenance of sedation

Intermittent bolus 
dosing

0.5 mg/kg over 3–5 min 10–20 mg individual doses titrated to 
clinical effect

Continuous infusion 100–150 μg/kg/min for period 
of 3–5 min

25–75 μg/kg/min and adjusted to 
clinical response

1 Death During Monitored Anesthesia Care
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One method for determination of exhaled CO2 is a colorimetric device that 
changes color depending on the presence of CO2. These devices are relatively inex-
pensive, portable, and qualitative in nature, allowing for fast and efficient confirma-
tion of CO2, even in remote locations where anesthesia is performed. The detector 
houses a pH-sensitive paper that changes color from purple to yellow with the pres-
ence of exhaled CO2, allowing for easy visual confirmation. Studies have shown that 
these detectors are reliable indicators of properly positioned ETTs, with sensitivity 
approaching 100% [11, 12] (Fig. 1.5).

In contrast to the portable and qualitative nature of colorimetric CO2 detection 
devices are the more standard and traditional means of exhaled CO2 quantification 
via capnometry. This refers to the numerical representation of a CO2 concentration 
that can be displayed continuously during both inspiration and exhalation, usually 
via a capnograph. This technique relies upon either infrared absorption spectropho-
tometry or mass spectrometry to quantify the concentration of exhaled CO2. The 
main advantages of this method are the quantifiable nature of CO2 concentration 
and the graphical representation of these numerical values. Analysis of this informa-
tion allows the anesthesiologist to make judgments on physiologic changes that can 
arise in a patient under anesthesia, in addition to serving as a method of accurate 
confirmation of ETT placement within the trachea. Some of the causes of changes 
in end-tidal CO2 (EtCO2) can be found in Fig. 1.6 below.

 L-8: What Is the Value of Exhaled CO2 Monitoring During 
Cardiac Arrest?

As seen in the previous figure, one cause for the precipitous decrease and eventual 
loss of EtCO2 is cardiac arrest. During arrest, cardiac output goes to zero, and there 
is no mechanism for the return of CO2 to the pulmonary circulation to allow for 

Fig. 1.4 Deviations from propofol package insert recommendations found in the case presented in 
this chapter
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Fig. 1.5 Nellcor Easy Cap II qualitative, colorimetric CO2 detection device. The purple pH- 
sensitive paper in the center will change to a yellow/gold color as indicated on the perimeter of the 
device as increasing levels of CO2 are detected

Fig. 1.6 Common causes of changes in quantitative end-tidal CO2 (EtCO2) concentration during 
anesthesia. (Based on data from Ref. [13])
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exhalation during ventilation. The reliable loss of EtCO2 during such an arrest 
allows for early detection and intervention and is one reason why continuous moni-
toring of CO2 is mandatory for all general anesthetics (see L-4). The loss of EtCO2 
during a cardiac arrest does not, however, relieve the anesthesiologist of the respon-
sibility to continue monitoring for exhaled CO2.

In fact, there are several reasons why monitoring exhaled CO2 during cardiac 
arrest and subsequent resuscitation attempts can prove very helpful. First, during 
cardiopulmonary resuscitation (CPR), chest compressions serve as a means of 
 augmenting cardiac output/blood flow through the body when the heart is arrested. 
EtCO2 varies in concordance with changes in cardiac output. As a result, continuous 
monitoring of changes in exhaled CO2 concentrations has been shown to coincide 
with the effectiveness of chest compressions during CPR [16]. The AHA currently 
recommends that if the [EtCO2] <10 mmHg during CPR, the adequacy of the depth 
and frequency of chest compressions should be reevaluated [10].

Second, another use of monitoring EtCO2 during cardiac arrest is to evaluate for 
the return of spontaneous circulation (ROSC). Successful resuscitation of a cardiac 
arrest patient will yield an abrupt increase in the concentration of exhaled CO2 
approaching normal values (Fig.  1.7) [10]. Certain studies suggest that these 
increases in EtCO2 are often the first clinical indicator of ROSC [14, 16]. A corollary 
to this fact is that persistently low EtCO2 (<10 mmHg) during resuscitative efforts 
have been associated with worse outcomes and the inability to resuscitate patients 
[14–16]. Third, once there is ROSC, EtCO2 once again becomes the primary deter-
minant for setting the minute ventilation in a patient. Finally, administration of 
sodium bicarbonate during cardiac arrest and the subsequent conversion of HCO3

− 
to CO2 are easily detected by spikes in EtCO2 and can help to guide therapy.
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Fig. 1.7 The top panel shows an increase in CO2 concentration when a second provider begins more 
adequate chest compressions. The bottom panel shows an increase in CO2 concentration for a brief 
period after ROSC and sinus rhythm. (Reprinted from Benumof [17]. With permission from Elsevier)
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Chapter 2
Anesthesia During Liver Transplant: 
Hepatic Function, TEG, Massive 
Transfusion, Stages of Liver 
Transplantation, and MELD Scoring

Kevin D. Marcus and Jonathan L. Benumof

The patient was a 52-year old, 175 cm, 80.9 kg Korean male with a calculated BMI 
of 26.3 kg/m2 and a past medical history significant for hepatitis B (HBV) and alco-
holic liver cirrhosis, who was scheduled for orthotopic, cadaveric liver transplanta-
tion (L-1). In light of his history of prolonged HBV infection, the patient also 
developed hepatocellular carcinoma (HCC), which furthered the patient’s candi-
dacy for transplantation. Additional medical history revealed stable esophageal 
varices and prior pleural effusion (L-2).

The patient had undergone extensive prior work-up and treatment for his liver 
failure and HCC, including two transarterial chemoembolization procedures, radio-
frequency ablation of liver tumors, as well as a right hepatic lobectomy. The patient 
was being medically treated with the antiviral drug entecavir. He had no known drug 
allergies. All preoperative laboratory values (including creatinine, liver function 
enzymes, bilirubin, albumin, and coagulation parameters) were within normal limits 
except for a low platelet count of 136 × 109/L (L-2). The calculated biologic MELD 
score was 7 (L-3), with a MELD exception score for HCC of 31 (L-4). Vital signs 
were as follows: BP = 133/85 mmHg, HR = 74 bpm, and SpO2 = 97% on room air.

The patient was brought to the operating room where, after application of stan-
dard ASA monitors, general anesthesia was induced. After induction, radial and 
femoral arterial lines were placed in addition to a right internal jugular (IJ) and left 
subclavian vein 9 French introducer sheaths. A pulmonary arterial catheter was 
placed through the right IJ introducer sheath, and finally, a transesophageal echocar-
diography (TEE) probe was inserted into the esophagus. A Belmont rapid infuser 
system was connected to the two 9 French sheaths, and a dedicated perfusionist was 
available to assist with transfusion of blood products and arterial blood gas 
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 measurements. Appropriate line placement was confirmed with intraoperative X-ray 
prior to surgical incision.

Anesthesia was maintained with isoflurane and intermittent fentanyl boluses while 
the surgeons proceeded to dissect down to the existing liver through the fairly dense 
adhesions that were present as the result of previous surgery. During this dissection 
period, prior to removal of the patient’s liver, there was significant blood loss and 
development of a coagulopathy. The hematocrit decreased from 36% to 21% over the 
course of 29 min despite treatment with aggressive transfusion of packed red blood 
cells (PRBC). Three units were given by the anesthesia provider in addition to 
approximately 12 units by the perfusionist via the rapid infuser system during this 
time. Platelets and fresh frozen plasma (FFP) were also given in response to the coag-
ulopathy that was observed clinically as well as on a thromboelastograph (TEG) trac-
ing (L-5). Hypocalcemia was treated with a background infusion of calcium chloride 
as well as intermittent boluses. In addition to infusion of blood products for volume, 
hemodynamic stability was maintained with titration of a phenylephrine infusion.

Eventually, the surgeons removed the liver, marking the beginning of the anhe-
patic stage of transplantation, and began the process of sewing in the donor liver. 
Once adequate portal venous and hepatic arterial anastomoses were complete, the 
liver was reperfused. Calcium chloride, sodium bicarbonate, and dilute epinephrine 
boluses were used to combat the hemodynamic instability and profound acidosis 
that accompanies liver reperfusion (L-6).

After reperfusion, there was ongoing severe coagulopathy and blood loss requir-
ing massive transfusion of blood products by the anesthesia providers and perfu-
sionist via the rapid infusion system (L-8, 9). Increasing doses of vasopressors were 
also required to maintain adequate mean arterial pressures. Evaluation of the newly 
reperfused liver revealed separation of the capsule from the liver surface with devel-
opment of a subcapsular hematoma and increasing superficial hemorrhage. In light 
of the worsened appearance of the liver, continued hemorrhage, and severe coagu-
lopathy, the surgeons made the determination that there was primary nonfunction of 
the donor liver (L-7). A plan was made to perform a total hepatectomy with tempo-
rary portacaval shunt while re-listing the patient for repeat transplantation, in the 
hopes of securing a second donor organ.

While this plan was implemented, aggressive resuscitation of the patient contin-
ued with massive transfusion of various blood products (L-8, 9). Throughout the 
course of the case, a total of 92 units of PRBC, 7 units of platelets, 45 units of FFP, 
4 units of cryoprecipitate, and 2 doses of prothrombin complex concentrate were 
given. Despite maximal transfusion efforts, the hematocrit reached a nadir of 8%.

Once the nonfunctional donor liver was removed, the abdomen was packed, and 
the patient was transported to the ICU with ongoing transfusion of blood products 
via the rapid infuser system and three vasopressor infusions. Upon arrival to the 
ICU, plans were made to continue massive transfusion and to begin continuous 
renal replacement therapy (CRRT) to combat continued acidosis and fluid overload 
while waiting for a second donor liver. Unfortunately, prior to a new organ  becoming 
available, the patient developed a malignant arrhythmia and passed away 4 h after 
admission to the ICU, despite attempted resuscitation.

K. D. Marcus and J. L. Benumof



21

 Lessons Learned

 L-1: What Are the Primary Functions of the Liver in a Healthy 
Patient?

The liver is the largest solid organ in the body and accounts for several physiologic 
functions that are integral for regulation of homeostasis. The dual blood flow to the 
liver is a major characteristic that accounts for its unique ability to affect so many 
physiologic mechanisms (Fig. 2.1). The hepatic artery branch off of the celiac artery 
supplies the liver with oxygenated blood and vital substrates for the organ’s intrinsic 
function. Additional blood supply to the liver arises from the portal vein, which is a 
confluence of the venous drainage from the large majority of the splanchnic circula-
tion. All told, the liver receives approximately 25% of the total cardiac output.

Primarily, the liver serves as a major metabolic resource for the body, participat-
ing in protein, carbohydrate, and lipid metabolism (Table 2.1). The breakdown of 
amino acids into component parts, including ammonia (see L-2), is one part of 
protein metabolism. Perhaps more important clinically are the multitude of proteins 
in the body that the liver is responsible for synthesizing. The principle among these 
are several parts of the coagulation cascade, including fibrinogen, prothrombin, pro-
tein C and S, as well as the vitamin K-dependent coagulation factors II, VII, IX, and 
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Fig. 2.1 Diagram depicting the blood flow to the liver including both systemic arterial and portal 
venous contributions. CA celiac artery, SMA superior mesenteric artery, IMA inferior mesenteric 
artery, HV hepatic vein. (Based on data from Ref. [1])
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X. The liver also produces albumin, a major circulating protein that contributes to 
the oncotic pressure in the blood. In terms of carbohydrate metabolism, the liver 
serves as the major store of the large polysaccharide glycogen, which can be broken 
down to circulating glucose during times of fasting. The liver can also participate in 
gluconeogenesis, the process of de novo glucose synthesis, when glycogen stores 
have been exhausted. Fatty acid oxidation and the formation of lipoproteins such as 
very-low-density lipoprotein (VLDL) are other metabolic functions of the liver. 
Additionally, the liver is the primary organ of bilirubin conjugation. Degraded red 
blood cells produce unconjugated bilirubin, which is difficult for the body to clear 
prior to conjugation in the liver and secretion into bile, which is yet another product 
of the liver.

Drug metabolism and biotransformation are other major functions of the healthy 
liver. Both orally and parenterally administered drug concentrations are affected by 
the liver due to its unique blood supply. Previously mentioned synthetic products of 
the liver, such as albumin, alter the bioavailability of drugs by acting as sinks that 
bind to the free form of the drug. Additionally, the liver also chemically alters the 
structure of drugs, usually rendering them inactive and making them water-soluble 
for excretion in either bile or urine. This process of inactivation, known as biotrans-
formation, involves a series of reactions, classified as either phase I or phase II reac-
tions. Phase I reactions involve the ubiquitous cytochrome P-450 system that 
participates in oxidation and reduction reactions. Phase II reactions further enhance 
the water solubility of drugs by way of conjugation with polar substances such as 
glutathione and glucuronic acid.

The liver also serves many additional complementary roles to the endocrine, 
immunologic, and hematologic systems. For instance, the liver is involved in bio-
transformation of various hormones such as insulin, thyroid hormones, aldosterone, 
and estrogens, which leads to alteration in endocrine function. Being a part of the 
reticuloendothelial system, the liver also plays a role in immunologic responses by 
acting as a “sieve” for antigens brought to it via the portal vein. Porphyrin metabo-
lism in the liver also serves to facilitate heme synthesis, which supplements that 
which takes place in the bone marrow.

Table 2.1 Primary metabolic functions of the liver

Metabolic category Liver functions

Protein metabolism Amino acid breakdown
Albumin synthesis
Synthesis of many coagulation factors

Carbohydrate metabolism Synthesis, storage, and breakdown of glycogen
Gluconeogenesis

Lipid metabolism Fatty acid oxidation
Formation of lipoproteins (i.e., VLDL)

Bilirubin metabolism Bilirubin conjugation and excretion
Drug metabolism Inactivation of drugs via biotransformation

Excretion into bile
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 L-2: What Are the Common Complications of End-Stage Liver 
Disease?

It should be clear from the previous lesson that the liver plays important roles in 
several different organ systems throughout the body. It comes as no surprise then 
that when the liver fails, numerous physiologic consequences arise (Table 2.2).

From a cardiovascular standpoint, there is splanchnic and systemic vasodilation 
due to both excessive amounts of vasodilatory mediators such as nitric oxide and 
hyporesponsiveness to vasoconstriction [2]. Circulating blood volume is usually 
slightly elevated; however, due to unequal vasodilation between the splanchnic and 
systemic systems, there is a higher blood volume in the splanchnic circulation and 
a relative hypovolemia in the systemic circulation. These changes are accompanied 
by increased cardiac output, which is traditionally why liver failure is referred to as 
a “hyperdynamic” or “high-output” disease process. Mean arterial pressures, filling 

Table 2.2 Consequences of 
liver failure according to 
organ system

Neurologic Hepatic encephalopathy
Cardiovascular Increased cardiac output

Decreased systemic vascular resistance
Increased arteriovenous shunting
Decreased responsiveness to 
catecholamines

Pulmonary Increased alveolar-arterial O2 gradient
Intrapulmonary shunting
Hepatic hydrothorax/pleural effusions
Portopulmonary hypertension

Gastrointestinal Portal hypertension
Esophageal and gastric varices
Caput medusae

Hematologic Decreased coagulation factor synthesis
Hyperfibrinolysis
Disseminated intravascular coagulation
Quantitative and qualitative platelet
Dysfunction

Endocrine Abnormal glucose utilization
Prone to hypoglycemia
Gonadal dysfunction
Increased growth hormone and glucagon 
levels

Renal Ascites
Prerenal failure
Acute tubular necrosis
Oliguria
Hyponatremia
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pressures in the heart, and heart rate are usually maintained in liver failure, but 
decompensation and development of cardiomyopathy are common in very-late- 
stage disease.

Hepatic encephalopathy (HE) is a generic term for the metabolic encephalopathy 
that can occur as a result of liver failure. Due to the major metabolic contributions 
of a healthy liver, products that are normally degraded and/or metabolized are 
allowed to reach higher concentrations during liver failure. Chief among these sub-
stances is ammonia, which is a by-product of protein catabolism. In fact, a high- 
protein diet has been shown to be a risk factor for development of HE in patients 
with liver failure, and protein restriction is recommended [3].

The pulmonary system also undergoes several alterations in liver failure. 
Hypoxemia is more common for a variety of reasons. First, there is increased arte-
riovenous shunting of blood due to dilation of the pulmonary vasculature. Second, 
impaired hypoxic pulmonary vasoconstriction and mechanical dysfunction related 
to ascites and pleural effusions lead to ventilation and perfusion mismatch. Third, 
there is decreased diffusion capacity due to increased fluid and development of por-
topulmonary hypertension [1].

Portal hypertension is a hallmark of liver disease and results from a pathologic 
increase in the portal venous pressures. This increased pressure is usually due to 
increased resistance to blood flow at the level of hepatic sinusoids and can lead to 
upstream consequences such as gastroesophageal varices (Fig. 2.1) and buildup of 
abdominal ascites. Variceal bleeding is a known complication of liver failure and 
usually requires individualized therapy as these patients also typically have con-
comitant coagulopathies.

The coagulopathies that are often seen in liver failure are the result of failure of 
the synthetic properties of the liver. Because the liver is the site of synthesis for all 
of the vitamin K-dependent coagulation factors and many other important coagula-
tion proteins, bleeding diatheses are common. Additionally, during liver failure, 
there is a quantitative and qualitative thrombocytopenia, hyperfibrinolysis, and, 
oftentimes, disseminated intravascular coagulation (DIC).

The healthy liver also regulates many hormones and components of the endo-
crine system as previously discussed. With impaired liver function, patients are 
more prone to hypoglycemia due to interference with adequate gluconeogenesis and 
dysfunctional utilization of glycogen stores. Interestingly, glucose intolerance is 
also prevalent because of antagonism of insulin by increased levels of growth hor-
mone and glucagon, as well as increased fatty acid concentrations [1]. Abnormal 
metabolism of sex hormones also causes feminization, gynecomastia, and  impotence 
in men as well as oligomenorrhea or amenorrhea in women with liver failure.

Alterations in blood flow secondary to vasodilation discussed previously contrib-
ute to decreased renal blood flow, which is a major factor in the renal impairment 
that accompanies liver disease. Glomerular filtration rate (GFR) decreases due to 
this decreased perfusion. Secondary effects of the drop in renal perfusion pressure 
are increased circulating levels of renin and aldosterone, which leads to a reduction 
in the excretion of sodium and free water. However, a dilutional hyponatremia can 
occur quickly when fluid intake overwhelms the decreased ability of the kidneys to 

K. D. Marcus and J. L. Benumof



25

excrete free water. Furthermore, up to 10% of patients with liver failure will develop 
hepatorenal syndrome, which is a functional prerenal failure [1].

As one might expect, drug pharmacology is also significantly altered in liver 
failure. There are increased circulating amounts of bioavailable drug due to the 
decreased levels of albumin that would ordinarily bind to the drug. With portal 
hypertension, there is often collateral circulation via portosystemic shunts that 
allow oral medications to bypass the liver, which reduces first-pass metabolism of 
the drugs. Terminal half-lives of drugs are also increased in liver failure due to a 
reduction in total hepatic blood flow. Hypoalbuminemia and presence of ascites can 
also contribute to an increased volume of distribution in liver failure patients.

 L-3: Diagnosis of Liver Failure and Classification 
for Transplantation

The diagnosis of liver failure is a clinical one, although many laboratory tests exist 
to assess the function of the liver and help guide this diagnosis. These tests are help-
ful in determining progression of disease but are sometimes nonspecific and need to 
be taken in the context of other comorbid conditions. The various blood tests used 
in the evaluation of the liver can also help to elucidate the differential causes of 
hepatic dysfunction. Table 2.3 below shows common blood tests that can be taken 
to evaluate the different functions of the liver or damage done to the liver.

Because of the variable nature of the previous laboratory values in the evaluation of 
liver failure, another method for classifying dysfunction was created for use in alloca-
tion of donor organs when considering transplantation. The Model for End- Stage Liver 
Disease (MELD) score was initially established as a way of predicting poor outcome 
after transjugular intrahepatic portosystemic shunt (TIPS) procedures [4]. The United 
Network for Organ Sharing (UNOS) has since adopted this scoring system as an 
acceptable means of stratifying patient’s liver dysfunction prior to transplantation.

The MELD score calculation is based upon three laboratory parameters that 
become abnormal in patients with liver failure. The parameters are serum bilirubin, 
serum creatinine, and the international normalized ratio (INR). The actual MELD 
score involves mathematical manipulation of the mentioned laboratory values to 
arrive at an integer value. As liver disease progresses, there is typically a worsening 
of these laboratory values, such that the MELD score increases. Calculated MELD 
scores can be used to prognosticate about the 3-month mortality of patients with 
liver dysfunction [5] (Table 2.4). It is clear from this data that higher MELD scores 
portend much worse outcomes for patients with liver disease.

With regard to allocation of donor organs, UNOS utilizes a specific order in 
which organs will be offered to patients based upon several parameters including 
MELD score, the severity and acuteness of liver failure, age, location, and organ 
compatibility [9]. The MELD score is the major determinant of disease severity, and 
use of this primarily MELD-based allocation of donor organs has resulted in better 
1-year survival rates posttransplantation [6].
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 L-4: Why Does a Patient with HCC Have a Different MELD 
Score?

In the case presented at the beginning of the chapter, it is clear that the patient did 
not have an elevated biologic, or native, MELD score based upon the normal labora-
tory values of serum bilirubin, creatinine, and INR. The patient’s calculated MELD 
score of 7 would have put him very far down on the list of recipients when an organ 
became available.

Due to the clinical nature of HCC, patients with early disease will often have 
preserved liver function and therefore normal, or near normal, laboratory values. 
However, patients with HCC often see morbidity associated with increased tumor 
burden, and not just intrinsic liver dysfunction [7]. Furthermore, the overall out-
comes for patients with HCC are generally poor, with 5-year survival between 20% 

Table 2.3 Laboratory indices of various hepatic functions

Hepatic function being 
assessed Laboratory test

Change occurring in 
liver failure

Hepatocellular damage Aspartate aminotransferase (AST) Increased
Alanine aminotransferase (ALT) Increased
Lactate dehydrogenase (LDH) Increased
Glutathione s-transferase (GST) Increased

Bile flow obstruction Bilirubina Increased
Alkaline phosphatase Increased
γ-glutamyl transferase (GGT) Increased
5′-nucleotidase Increased

Synthetic function Albumin Decreased
Prothrombin time (PT) Prolonged
International normalized ratioa (INR) Increased

Hepatic blood flow Indocyanine green elimination Decreased
Metabolic function Monoethylglycinexylidide (MEGX) test of 

lidocaine metabolism
Decreased

aUsed in conjunction with serum creatinine, a renal function test that also becomes abnormal in 
hepatic dysfunction, to calculate the MELD score

Table 2.4 Three-month 
mortality based upon MELD 
scores in patients with liver 
failure

Calculated MELD score
Three-month 
mortality

≤9 1.9%
10–19 6.0%
20–29 19.6%
30–39 52.6%
≥40 71.3%

Based on data from Ref. [5]
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and 40% [8]. It is clear that use of the biologic MELD score, which would be low in 
the setting of preserved liver function, for patients with HCC would severely limit 
their ability to receive a liver transplant that would be potentially curative of their 
disease process.

Due to this disparity between low MELD scores and need for transplantation, 
current guidelines for donor organ allocation utilize an exception MELD score for 
patients with HCC. The MELD exception score is based on, and directly propor-
tional to, the total tumor burden. However, the MELD exception score will change 
over time. For instance, patients with T2 HCC who register for an exception receive 
a score equivalent to 15% probability of death within 3  months and additional 
MELD points equivalent to a 10% increase in mortality risk every 3 months they do 
not receive a donor organ [7]. This increases the likelihood of receiving a liver trans-
plant for this subset of patients, who would otherwise endure significant and pro-
longed morbidity prior to qualifying.

In the case at the beginning of the chapter, the patient was assigned a MELD 
score of 22 upon registration for exception based upon the diagnosis of HCC. This 
score increased every 3 months until a donor organ was made available to him, at 
which time his MELD exception score for HCC was 31.

 L-5: What Is a Thromboelastogram (TEG)?

Thromboelastography is a method for evaluation of the mechanical properties of a 
blood clot. The resultant thromboelastograph (TEG) provides information on all 
elements of the hemostatic process, including platelet aggregation, coagulation, and 
fibrinolysis, allowing the provider to make a decision on potential transfusion thera-
pies. This is one advantage of the TEG over other tests of coagulation such as pro-
thrombin time (PT) and partial thromboplastin time (PTT). These tests are commonly 
used to evaluate only one segment of the coagulation cascade, namely, the extrinsic 
and intrinsic pathways, respectively.

Completion of a TEG involves placing a small volume of whole blood into a 
sample cup and pin assembly while the cup continuously oscillates around the pin. 
The intrinsic viscoelastic properties of the blood change the interaction of the pin 
and cup as fibrin clot begins to form. A computer measures these changes and then 
develops a graphical representation of the mechanical properties of the clot 
(Fig. 2.2).

Several parameters are a part of the basic TEG, and each can be used to deter-
mine an individual aspect of coagulation and clot formation/degradation (Table 2.5). 
The initial parameter is the reaction time, or “R” time, which is the time until clot 
formation begins. This is dependent upon thrombin formation and is a reflection of 
the enzymatic reaction function of the coagulation cascade. Prolongation of the R 
time can be seen in coagulation factor deficiencies and presence of heparin, which 
inhibits thrombin. A shortened R time is present in hypercoagulable states, where 
feedback mechanisms may have been lost.
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Table 2.5 Major components of the thromboelastograph

Parameter Definition

Coagulation 
parameter 
involved Abnormalities

Possible treatments for 
abnormalities

R time Time from start of 
TEG until initial 
clot formation

Coagulation 
cascade 
factors

Prolonged: factor 
deficiency, heparin

FFP, PCC, protamine

Shortened: 
hypercoagulability

Various anticoagulants

K time Time for TEG 
tracing to reach 
20 mm

Fibrinogen Prolonged: low 
fibrinogen level

FFP, cryoprecipitate

Shortened: 
hypercoagulability

Variable

α-Angle Measure of speed 
of clot formation

Fibrinogen Increased: 
hypercoagulability

Variable

Decreased: low 
fibrinogen level

FFP, cryoprecipitate

Maximum 
amplitude 
(MA)

Maximum clot 
strength dependent 
on platelets (80%)

Plateletsa Low: decreased or 
poor functioning 
platelets

Platelets

High: excessive 
platelet activity

Antiplatelet therapy

“G” 
parameter 
(a function 
of MA)

Representation of 
clot strength and 
platelet function

Platelets Similar to MA Similar to MA

Coagulation 
index (CI)

Global index of 
hemostatic status

Coagulation 
index

CI >+3.0: 
hypercoagulable

Dependent on 
remainder of TEG

CI <−3.0: 
hypocoagulable

LY30/EPL % decrease from 
MA and estimated 
rate of change

Clot stability Excessive 
fibrinolysis: possible 
tPA or DIC

Antifibrinolytics (i.e., 
tranexamic acid, 
aminocaproic acid)

tPA tissue plasminogen activator, DIC disseminated intravascular coagulation
aPlatelets are the major determinant of MA, although fibrinogen also contributes

Fig. 2.2 Schematic of TEG tracing including the major parameters
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The “K” time is the time it takes the TEG tracing to reach a width of 20 mm and 
is reflective of further clot formation and kinetics. It, too, is dependent on the rate 
thrombin generation in addition to the conversion of fibrinogen to fibrin as well as 
fibrin cross-linking with platelets. A prolonged K time is indicative of coagulation 
factor deficiencies or insufficient generation of fibrin from fibrinogen. Similar to the 
K time is the α-angle, which is also a measure of clot formation kinetics. Thrombin 
generation, conversion of fibrinogen to fibrin, and fibrin interaction with platelets 
are all reflected in the α-angle. A decreased α-angle is possible with low fibrinogen 
levels, platelet dysfunction, or insufficient thrombin generation. Increased α-angle 
can be seen in platelet hypercoagulability.

The maximum amplitude (MA) is the widest diameter that the TEG tracing 
achieves and is indicative of overall clot strength. Due to the composition of the 
clot, the MA is 80% dependent on platelets and 20% on fibrinogen. In most cases, 
derangements in the MA are simplified to reflect perturbations in platelet count or 
function. For instance, a low MA is usually due to thrombocytopenia or poor plate-
let function, whereas a high MA may indicate platelet hypercoagulability or exces-
sive functionality. The “G” parameter is a mathematical conversion of the MA into 
units of dynes/cm2 via the formula G = (5000 × MA)/(100 – MA). The G parameter 
describes an exponential relationship between clot strength and platelet function, 
compared to the linear relationship described by MA. This makes the G parameter 
more sensitive to changes in platelet function than the MA.

The coagulation index (CI) provides a linear combination of the kinetic param-
eters of clot development and clot strength. CI takes into account R time, K time, 
α-angle, and MA in order to give a global view on hemostatic status. Normal values 
for CI range from −3.0 to +3.0, with more positive values indicating hypercoagula-
bility and more negative numbers indicating hypocoagulability.

Clot stability and fibrinolysis are also evaluated in a TEG with the LY30 and 
estimated percent lysis (EPL) values. LY30 is the percent decrease in amplitude 
30 min after the MA is reached. EPL is the estimated rate of change in the amplitude 
after MA is reached. Elevated values for LY30 and EPL are indicative of increased 
fibrinolytic activity, which, if greater than clot formation, may contribute to 
increased bleeding.

Table 2.6 is derived from the basics of TEG presented in Table 2.5, showing com-
mon clinical coagulopathic scenarios and the corresponding abnormalities that 
would be found on TEG. The blood products that can be administered to counteract 
each coagulopathy are also shown, highlighting how specific TEG abnormalities 
can lead to more guided and specific transfusion therapy. Note that most TEG dis-
plays will have common laboratory ranges for all parameters listed to further guide 
interpretation of the TEG tracing (see Figs. 2.3, 2.4 and 2.5).

The appeal of the TEG is that a single laboratory test can provide a comprehen-
sive analysis of hemostatic properties that have the ability to guide transfusion deci-
sions. TEG-based algorithms have been used to successfully reduce transfusion 
requirements in cardiac surgery, liver transplantation, and massive trauma [10]. 
During the case presented earlier, several TEG studies were obtained (Figs. 2.3, 2.4 
and 2.5).
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Figure 2.3 shows the normal configuration of a TEG in the absence of coagula-
tion abnormalities. This TEG was taken very early on in the case and is representa-
tive of the normal coagulation profile that this patient had, which correlates with the 
rest of his normal coagulation labs. All major TEG parameters are within the normal 

Table 2.6 Common clinical coagulopathic states during massive transfusion and their findings on 
TEG

Coagulopathy TEG abnormality Blood product to give

Decreased coagulation factors Prolonged R time FFP, PCC
Thrombocytopenia Decreased MA Platelets
DIC with decreased fibrinogen Low α-angle Cryoprecipitate

FFP fresh frozen plasma, PPC prothrombin complex concentrate

R
min
8.2

4 — 9

K
min
2.2

1 — 3

Angle
deg
59.1

59 — 74

MA
mm
64.6

55 — 74

G
d/sc
9.1K

5.3K — 13.2K

EPL
%
0.0

0 — 15

CI

-1.6
-3 — 3

LY30
%
0.0

0 — 8

A
mm
64.2

PMA

0.0

Fig. 2.3 Baseline TEG study obtained shortly after placement of hemodynamic monitors and 
prior to any significant bleeding or hemodynamic compromise

R
min
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4 — 9

K
min
5.7

1 — 3

Angle
deg
40.7

59 — 74

MA
mm
38.0

55 — 74
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d/sc
3.1K

5.3K — 13.2K

EPL
%
9.1

0 — 15

CI

-5.5
-3 — 3

LY30
%
9.1

0 — 8

A
mm
22.6

PMA

1.0

Fig. 2.4 Repeat TEG obtained prior to native liver excision but during a time of significant bleed-
ing and clinical coagulopathy
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limits illustrated at the bottom of the figure. A repeat TEG is taken later in the case, 
during a time of significant bleeding, but prior to excision of the native liver 
(Fig. 2.4). It is clear when comparing Figs. 2.3 and 2.4 that there has been signifi-
cant change. Figure 2.4 now shows a prolonged K time, decreased α-angle, decreased 
MA and G parameter, negative CI, and elevated LY30/EPL. This represents an over-
all state of hypocoagulability and lack of adequate fibrinogen and platelets and 
excessive fibrinolysis. In response to this TEG, platelets and FFP were given, fol-
lowed shortly by cryoprecipitate.

Figure 2.5 shows another TEG that was taken just prior to the decision to remove 
the newly transplanted liver for primary graft nonfunction. At this time, massive 
hemorrhage was ongoing, and coagulopathy was obvious in the surgical field, an 
abnormality that is well represented in this TEG tracing. Again, there is a prolonged 
K time, decreased α-angle, decreased MA and G parameter, and a negative CI as in 
Fig. 2.4. Interestingly, the LY30/EPL have normalized, despite the decision not to 
administer an antifibrinolytic. Massive transfusion continued with platelets, FFP, 
cryoprecipitate, and prothrombin complex concentrate (PCC). The R time remained 
within normal limits, likely due to the transfusion of so many products containing 
coagulation factors (FFP, PCC).

 L-6: What Are the Three Common Stages of a Typical Liver 
Transplant?

The liver transplant operation can be divided into three stages, the hepatectomy, or 
pre-anhepatic stage, the anhepatic stage, and, finally, the neohepatic stage. Each 
stage has unique considerations for both the surgical team and the anesthesia pro-
viders (Table 2.7).

R
min
3.2

5 — 10

K
min
6.9

1 — 3

Angle
deg
41.2

53 — 72

MA
mm
35.8

50 — 70

G
d/sc
2.8K

4.5K — 11.0K

EPL
%
0.0

0 — 15

CI

-5.0
-3 — 3

LY30
%
0.0

0 — 8

A
mm
39.0

PMA

1.0

Fig. 2.5 TEG taken during continued massive hemorrhage and coagulopathy after donor liver 
reperfusion and just prior to decision to remove the newly transplanted organ for primary nonfunc-
tion of the graft
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Table 2.7 Surgical and anesthetic considerations for the three stages of liver transplantation

Stage of 
transplant Definition

Surgical 
considerations

Anesthetic 
considerations Anesthetic actions

Pre- 
anhepatic

Begins with skin 
incision and ends 
with removal of the 
native liver

Dissection to liver Hyperglycemia Administer insulin
Adhesions from 
prior surgery

Hemorrhage Transfuse PRBC to 
goal Hct

Mobilization of 
liver

Coagulopathy Use TEG to guide 
therapy

Mobilization of 
vessels

↓ preload with 
IVC clamping

Administer IVF 
and/or blood 
products

Anhepatic Begins with 
clamping of 
hepatic vessels, 
IVC, and removal 
of liver; ends with 
reperfusion of 
donor liver

IVC anastomosis Hemorrhage Transfuse PRBC to 
goal Hct

Flushing donor 
organ

Coagulopathy Use TEG to guide 
therapy

Portal vein and 
hepatic artery 
anastomosis

Acidosis Administer NaHCO3
−

Hypocalcemia Administer calcium
Avoid volume 
overload

Follow CVP, PAC 
tracing, clinical 
appearance of 
surgical field

Neohepatic Begins with 
unclamping of 
portal vein, hepatic 
artery, and IVC to 
reperfuse donor 
liver

Anastomotic 
inspection

Hypotension Vasopressors, IVF, 
blood products

Hemostasis Bradycardia Epinephrine, 
anticholinergics

Cholecystectomy ↓ SVR Administer 
α-agonist

Bile duct 
reconstruction

Pulmonary HTN, 
RV failure

Check TEE, PAC; 
give inotropic 
agents

Abdominal closure Air and 
thromboembolism

Ensure adequate 
flushing of liver, 
monitor TEE for 
strain

Hyperkalemia Administer Ca++, 
insulin, β-agonists

Profound acidosis Administer NaHCO3
−

Hypokalemia Administer calcium
Hyperglycemia Administer insulin
Hypothermia Warm IVF, forced 

air warming device

IVC inferior vena cava, SVR systemic vascular resistance, HTN hypertension, RV right ventricle, 
Hct hematocrit, IVF intravenous fluids, NaHCO3

− sodium bicarbonate, TEG thromboeleastograph, 
CVP central venous pressure, PAC pulmonary artery catheter, TEE transesophageal echocardiog-
raphy, Ca++ calcium
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Beginning with surgical incision, the hepatectomy and pre-anhepatic portion of 
the case starts. This stage is characterized by surgical dissection down to the liver 
and mobilization of the various blood vessels and organ itself in preparation for 
excision. Depending upon the baseline physiology of the patient, this stage can be 
relatively well tolerated. However, things like severe portal hypertension, baseline 
coagulopathy, and prior abdominal surgeries complicate this stage with increased 
hemorrhage and difficulty of dissection. From an anesthesia standpoint, perturba-
tions in venous return are common as the liver is manipulated and the IVC and 
portal veins are eventually clamped.

After clamping of the hepatic vessels and the IVC, the native liver is removed, 
and the anhepatic stage of the operation begins. Generally speaking, this stage 
involves sewing in the donor liver with all accompanying vascular anastomoses. 
Due to the absence of vascular flow out of the portal system, congestion of the 
abdominal organs is common, leading to decreased perfusion pressures. Special 
attention needs to be paid to the kidneys in order to minimize renal dysfunction. 
Increasing coagulopathy, hemorrhage, and acidosis are also considerations during 
this phase. Maintenance of adequate intravascular volume should be a goal; how-
ever, fluid overload can be detrimental during upcoming reperfusion and entry into 
the neohepatic phase.

Reperfusion of the donor liver at the beginning of the neohepatic stage is the time 
during a liver transplant that is the most complicated and requires excellent com-
munication between all parties. This is due to the major hemodynamic changes and 
complications that can arise during this time period. In fact, post-reperfusion syn-
drome (PRS) is a recognized phenomenon involving significant decreases in mean 
arterial pressures occurring in the several minutes after un-clamping of the portal 
vein and IVC. Patients who experience PRS are more likely to develop postopera-
tive renal failure and are also more likely to die in the 15 days posttransplant than 
those patients who did not have PRS [11]. Additional concerns during this  vulnerable 
time include profound acidosis, hyperkalemia, hypothermia, pulmonary hyperten-
sion contributing to right ventricular failure, air embolism, bradycardia, and other 
arrhythmias. Proper correction of electrolytes and administration of sodium bicar-
bonate, vasopressors, and inotropic agents are all part of the anesthetic management 
of donor organ reperfusion. Once stabilized, the surgeon completes final anastomo-
ses and hemostasis is achieved both surgically and via administration of continued 
blood products.

 L-7: What Is Primary Nonfunction of the Liver?

Primary graft nonfunction (PGNF) is a life-threatening consequence after liver 
transplantation. UNOS defines PGNF as “irreversible graft function requiring emer-
gency liver replacement during the first 10 days after liver transplantation” [12]. Other 
definitions relate PGNF to an aggravated form of reperfusion injury resulting in irre-
versible graft failure without detectable technical (e.g., surgical anastomoses failure) 
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or immunological problems [14]. Clinical and laboratory markers for the diagnosis 
of PGNF vary depending on the source, ranging from liver transaminases, ammonia 
levels, bile production, prothrombin time (PT)/INR, lactate levels, need for clotting 
support, and even presence of encephalopathy [13].

The incidence of PGNF lies between 4% and 8% taken from the compiled data 
of various studies [13]. However, due to the significant impact on not only the 
patient but also medical resources, many have taken to attempting to define risk fac-
tors for PGNF in order to potentially reduce the incidence by means of better selec-
tion of donor and recipients. In one study, investigators determined that increasing 
age of donor (>40 years), split/partial grafts, donation after cardiac death, increased 
cold ischemia time, and the cause of brain death in donors all were associated with 
increased risk of liver graft failure [14].

 L-8: What Is a Massive Transfusion Protocol?

Massive transfusion of blood products is a lifesaving practice that occurs in various 
situations in surgery and anesthesia: liver transplantation, obstetric emergencies, 
and trauma, to name a few. The definition of massive transfusion varies according 
to the source; some state >10 units PRBC in 24 h, others >20 units PRBC in 24 h 
[15, 16]. Others suggest a smaller time frame of >4 units PRBC in 1 h with ongoing 
need for transfusion [16]. Regardless of the exact definition, massive transfusion 
utilizes large amounts of medical resources and has the potential for significant 
morbidity and mortality. Therefore, many institutions have implemented some sort 
of a massive transfusion protocol to limit adverse events, such as dilutional coagu-
lopathy (see L-9), and to also be able to respond quickly and efficiently to emergent 
situations.

At the University of California, San Diego (UCSD), the massive transfusion pro-
tocol is published by the blood bank. After the responsible physician makes the 
decision to utilize the massive transfusion protocol, the blood bank immediately 
makes available 45 units each of PRBC and FFP, in addition to 4–6 units of platelet 
apheresis (concentrated) units. The initial four units of PRBC may be type O nega-
tive and the FFP may be AB. After this first set, the blood bank releases a second set 
of six units PRBC, six units FFP, and one platelet unit. If the need continues, subse-
quent batches of products released from the blood bank will consist of ten units 
PRBC, ten units FFP, and one to two platelet units. While transfusion of the previ-
ously released batches of products is underway, the blood bank is continually recon-
firming the patients’ ABO/Rh blood type status, and the decision is made to switch 
to type-specific blood as soon as is feasible to do so.

After a review of several existing massive transfusion protocols, it was suggested 
by Malone et al. that massive transfusion protocols should have the following basic 
guidelines: initiate transfusion of plasma products early without compromising 
transfusion of PRBC, transfuse platelets to maintain a count >50 × 109/L, and utilize 
a 10:10:1 ratio for PRBC/FFP/platelet (apheresis units) transfusion [15]. High ratios 
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of FFP and platelets to PRBC administered early on in massive transfusion situa-
tions have been shown to not only decrease the amount of PRBC needed but also led 
to improved survival [17]. With regard to laboratory monitoring during massive 
transfusion, the ASA committee on blood management cautions that standard tests 
of coagulation (e.g., PT, PTT, INR, platelet count, and fibrinogen) may not provide 
an accurate assessment of current coagulation status and that utilization of TEG (see 
L-5) should be considered to guide hemostatic therapies during massive transfusion 
[16]. It has also been suggested that in the absence of ongoing, active bleeding, 
abnormal tests of coagulation should not be corrected with further transfusion of 
hemostatic agents (e.g., FFP, platelets, etc.) [15].

 L-9: What Are the Complications Associated with Massive 
Transfusion?

Transfusion of blood products is by no means a benign process, and both the risks 
and proposed benefits should be carefully weighed prior to transfusion. Even the 
transfusion of a single unit of blood product carries with it the risk of infection, 
incompatibility reactions, anaphylaxis, and end-organ damage such as transfusion- 
related acute lung injury (TRALI). However, there are many other complications 
that can arise specifically from massive transfusion of blood products (Fig. 2.6), in 
addition to the risks associated with smaller transfusion volumes.

Dilutional coagulopathy (12 o’clock, Fig. 2.6) is one of the major consequences 
of massive transfusion of blood products. This is a process in which administration 
of large volumes of fluid that are devoid of platelets and clotting factors causes a 
relative dilution of these products that function in clot formation and stability. As a 
result, these processes are limited and a coagulopathy develops. Most commonly, 
the relative deficiency in clotting factors will develop prior to thrombocytopenia [1]. 
This is one reason why massive transfusion protocols are aimed at early administra-
tion of plasma-rich products such as FFP. Additionally, most massive transfusion 
protocols have also adopted a ratio for transfusion of PRBC to other products such 
as FFP and platelets (see L-8), so as to minimize the dilutional coagulopathy that can 
result from too much PRBC in the absence of other products. It is also recommended 
that the use of isotonic crystalloid solutions to aid in resuscitation from hypovolemia 
be limited as this can contribute further to dilutional coagulopathy [16].

During massive transfusion, the total volume of fluid administered can be quite 
large, up to many times the normal circulating blood volumes. Volume overload (2 
o’clock, Fig. 2.6) can lead to major deleterious end-organ consequences. First, pul-
monary and airway edema may occur, resulting in progressive hypoxia. Second, 
elevated venous pressures reduce end-organ perfusion pressures which can lead to 
ischemia.

Hyperkalemia (3 o’clock, Fig. 2.6) is another well-documented consequence of 
massive transfusion. Storage of PRBC causes the redistribution of potassium out of 
cells to maintain electric neutrality. The longer the blood is stored, cells begin to die 
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and release additional potassium, which can reach between 19 and 35 mEq/L in 
blood stored for 21 days [1]. Rapid administration of large quantities of stored blood 
can therefore lead to clinically significant hyperkalemia. This hyperkalemia is exac-
erbated by another consequence of massive transfusion, metabolic acidosis, which 
causes a transcellular shift of intracellular potassium to the extracellular space in 
exchange for extracellular hydrogen ions.

The metabolic acidosis (5 o’clock, Fig. 2.6) that accompanies massive transfu-
sion is, again, largely related to the storage of blood. In order to lengthen the shelf 
life of blood, a citrate-phosphate-dextrose-adenine (CPDA) solution is added. This 
leads to an initial decrease in pH of the blood, which is exacerbated during storage 
by the anaerobic metabolism of glucose to lactate. At the end of 21 days in storage, 
the pH of the blood can be as low as 6.9 [1]. Transfusion of this acidic blood product 
may contribute to some acidosis during massive transfusion, although there is usu-
ally some degree of existing hypoperfusion and anaerobic metabolism causing a 

Fig. 2.6 Complications of massive transfusion of blood products. 2,3-DPG = 2,3-diphosphoglycerate
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lactic acidosis in most patients that would require initiation of a massive transfusion 
to begin with (Fig. 2.7).

Another consequence of the storage of blood in CPDA solution is the concept of 
citrate intoxication (7 o’clock, Fig.  2.6). When rapidly administered during the 
course of massive transfusion, citrate has the ability to cause a temporary reduction 
in the amount of ionized calcium, leading to consequences associated with hypo-
calcemia. It is also worth mentioning that most citrate administered during transfu-
sion comes from FFP, not PRBCs [1]. Normally, a healthy functioning liver is 
capable of metabolizing the citrate load unless it exceeds 1 ml/kg/min, or roughly 
one unit of blood every 5 min [1]. However, as in this case presentation, a compro-
mised liver would lead to significantly increased risk of citrate intoxication and 
hypocalcemia.

2,3-Diphosphoglycerate (2,3-DPG) is a molecule present in red blood cells that 
has a high affinity for binding to deoxygenated hemoglobin, which facilitates the 
release of oxygen from hemoglobin to tissues. When blood is stored, the concentra-
tion of 2,3-DPG decreases (9 o’clock, Fig.  2.6) with time, such that the blood 
administered during massive transfusion is less efficient at off-loading oxygen to 
tissues, despite the increased hemoglobin concentration. This concept is represented 
by a left shift in the oxygen-hemoglobin dissociation curve (Fig. 2.8).

Hypothermia (10 o’clock, Fig. 2.6) commonly accompanies massive transfusion 
of blood products. The administration of one unit PRBC at 4 °C can reduce the core 
temperature of a 70 kg person by about 0.25 °C [1]. Hypothermia contributes to 
increased coagulopathy by slowing the enzymatic processes associated with hemo-
stasis. There is also impaired tissue oxygenation as a result of a left shifting of the 
oxygen-hemoglobin dissociation curve and a decreased cardiac output with hypo-
thermia. Warming of blood products is recommended and becomes especially 
important during massive transfusion.

Fig. 2.7 Schematic representation of the changes that occur in packed red blood cells (PRBC) 
after storage in CPDA solution prior to transfusion
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Chapter 3
Obstructive Sleep Apnea: Falling Through 
Caregiver Cracks to Death

Christopher Nguyen and Jonathan L. Benumof

 Case Narrative

A 53-year-old, 87 kg, 5′6″ tall, BMI 32.5, woman was seen by her primary care 
physician for excessive daytime sleepiness and loud snoring. The primary care phy-
sician ordered a sleep study, which revealed an apnea-hypopnea index (AHI) of 
74.0/h (A = 54.8/h and H = 19.1/h), a low SpO2 of 74%, and a decrease in the AHI 
from 74.0 to 8/h with 15 cmH2O continuous positive airway pressure (CPAP); all 
three findings were entirely consistent with a diagnosis of severe obstructive sleep 
apnea (OSA) (L-1, L-2). The patient was placed on nightly CPAP at 15 cmH2O, and 
on this therapy the patient did very well for the next 5 years. The sleep specialist did 
all the OSA follow-up care, and the sleep study was filed away by the primary care 
physician, for whom the OSA essentially became a nonissue (Fig. 3.1a).

Over the next 5 years, the patient’s OSA continued to be managed by the sleep 
specialist and remained well controlled with 15 cmH2O CPAP, despite the patient’s 
weight increasing by 15 kg and BMI increasing from 32.5 to 37.6. At age 58, the 
patient presented to her primary care physician at her office early in the morning. 
She had signs and symptoms of an acute abdomen, which caused the primary care 
physician to admit her to the hospital. Unfortunately the admission history and 
physical by the primary care physician made no mention of OSA (Fig. 3.1b).

On admission, the consulting surgeon evaluated the patient and decided that an 
exploratory laparotomy was required. The surgeon saw no mention of OSA in the 
patient’s history and physical, and he himself did not ask the patient about OSA. The 
patient herself, who was very ill at this point, did not volunteer information about 
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her OSA to the surgeon. The anesthesiologist evaluated the patient and did not ask 
about OSA before giving the patient midazolam and fentanyl and transporting her 
to the operating room (Fig. 3.1c). On the way to the OR, the patient told the anes-
thesiologist, “Oh, by the way, I used to have OSA but I now do very well with 
nightly CPAP.” At this time, mid-transport to the operating room, the anesthesiolo-
gist made no attempt to determine the severity of OSA (L-3).

Once in the operating room, general anesthesia was induced, and the patient was 
intubated without any issues. Surgery proceeded with a large incision from the 
xiphoid process to the pubis, and an enormous (30 cm) ovarian cyst was removed. At 
the end of surgery, the patient was awakened and extubated. She was transported to 
the postanesthesia care unit (PACU), and care was transferred to the PACU nurse. 
There was no mention made from the anesthesiologist to the nurse about the patient’s 
OSA (Fig. 3.1d). During the PACU stay, the nurse administered ordinary doses of 
analgesics and observed a few short episodes of apnea but did not think they were 
remarkable. The PACU nurse transferred the patient to the floor, making no mention 
of the apneic episodes or the possibility of OSA to the receiving floor nurse (Fig. 3.1e).

On the surgical ward, the patient was placed in a private room with no continuous 
monitors of any kind. Orders were written for intramuscular morphine 10 mg every 
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Fig. 3.1 Falling through caregiver cracks to death. This patient went through multiple transitions 
of care, and each point crucial information regarding her OSA failed to be relayed. (a) The primary 
care physician did not recognize OSA as a significant issue on admission. (b) The primary care 
physician did not relay OSA information to the surgeon. (c) The surgeon and the anesthesiologist 
did not discuss the possibility of OSA. (d) The anesthesiologist did not tell the PACU nurse about 
the patient’s OSA. (e) The PACU nurse did not discuss OSA with the floor nurse. (f) The floor 
nurse and the family did not discuss the patient’s OSA until it was too late
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4 h as needed. The floor nurse did not know that the patient had OSA or used CPAP 
at home, so no CPAP or supplemental oxygen was started. Other than the family 
members in the room, the only observation the patient received was during vital sign 
checks every 4 h by nursing personnel (Fig. 3.1f). After a while the husband told the 
floor nurse that the patient had severe OSA and used CPAP at home; the nurse told 
him to go home and get the CPAP machine. Meanwhile, she intended to check on 
the patient but became busy, and so an hour passed before she instructed an LVN to 
gather vital signs on the patient. When the LVN entered the room 20 min later, the 
family was gathered at the foot of the bed playing cards (Fig. 3.1f). The LVN then 
found the patient blue, pulseless, and asystolic. Resuscitation was started per ACLS, 
but despite best efforts, the patient suffered severe hypoxic encephalopathy (L-4).

 Lessons Learned

 L-1: Patients with OSA Are a Multidimensional Problem 
for the Anesthesiologist

OSA is a multidimensional problem for anesthesiologists, causing important (A) intu-
bation, (B) extubation, and (C) postoperative pain management problems. In the senior 
author’s experience with over 50 OSA-related malpractice cases, the approximate dis-
tribution and incidence of problems were roughly equal among these three periods.

 Intubation Problems

As stated in the ASA OSA guidelines [1], patients with OSA are best managed by 
following the ASA difficult airway guidelines [2]. A thorough assessment of the 
airway should be conducted according to the ASA difficult airway preoperative air-
way physical examination (Table 3.1). Airway management per se should be guided 
by the ASA difficult airway algorithm (Fig. 3.2). The first branch point in the algo-
rithm is deciding whether to perform an awake intubation or intubation after induc-
tion of general anesthesia, based on the preoperative airway evaluation and the 
expected feasibility of ventilation and intubation. Should the practitioner decide to 
attempt intubation after induction of general anesthesia, it is critical to have identi-
fied and prepared multiple back-up plans prior to induction.

 Extubation Problems

The primary goal that should guide management during emergence is maintain-
ing control of the airway and not allowing the patient to determine when extuba-
tion occurs. This is particularly pertinent for the patient with OSA, given that they 
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are more likely to be obese, are more prone to post-extubation pharyngeal obstruc-
tion, and are more likely to be difficult with regard to reestablishing the airway. 
In general, plan to extubate the patient fully awake and following commands. The 
key to a smooth emergence is having a simple, routine approach. Warn the patient 
preoperatively that they will be emerging in the operating room and will still have 
the endotracheal tube in place; although difficult to prove, in the senior author’s 
experience, this preoperative warning seems to reduce the agitation seen during 
emergence. Other measures that help the patient tolerate the endotracheal tube 
include liberally applying lidocaine ointment to the distal end of the tube and cuff 
and using a laryngotracheal spray kit prior to intubation. Adequate analgesia at 
the end of the case is also important; typically opioids can be titrated to a respira-
tory rate of approximately 10–12 breaths per minutes. It is possible that the above 
measures may fail to prevent emergence agitation. Therefore, for all emerging 
OSA patients in whom it is desired to do an awake extubation, it is crucial that 
they be adequately restrained to prevent self-extubation. It is important to remem-
ber that these patients can be very strong, and if they are able to flex even a finger, 
they will be able to generate enough leverage to eventually free the arm and be 
out of the provider’s control. Therefore, they should be restrained in full 
extension.

Table 3.1 Preoperative airway physical examination

Airway examination component Nonreassuring findings

1.  Length of upper incisors Relatively long
2.   Relation of maxillary and mandibular 

incisors during normal jaw closure
Prominent “overbite” (maxillary incisors anterior to 
mandibular incisors)

3.   Relation of maxillary and mandibular 
incisors during voluntary protrusion 
of cannot bring

Patient mandibular incisors anterior to (in mandible 
front of) maxillary incisors

4.  Interincisor distance Less than 3 cm
5.  Visibility of uvula Not visible when tongue is protruded with patient in 

sitting position (e.g., Mallampati class greater than 
II)

6.  Shape of palate Highly arched or very narrow
7.  Compliance of mandibular space Stiff, indurated, occupied by mass, or nonresilient
8.  Thyromental distance Less than three ordinary finger breadths
9.  Length of neck Short
10. Thickness of neck Thick
11. Range of motion of head and neck Patient cannot touch tip of chin to chest or cannot 

extend neck

Adapted from Apfelbaum et al. [1]. With permission from Wolters Kluwer Health, Inc.
This table displays some findings of the airway physical examination that may suggest the pres-
ence of a difficult intubation. The decision to examine some or all of the airway components shown 
in this table depends on the clinical context and judgment of the practitioner. The table is not 
extended as a mandatory or exhaustive list of the components of an airway examination. The order 
of presentation in this table follows the “line of sight” that occurs during conventional oral laryn-
goscopy
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 Postoperative Problems

The primary postoperative problem seen in OSA-related malpractice cases is that of 
finding the patient either near arrest, in arrest, or just stone-cold dead in bed by 
either a family member or caregiver. Many of these cases are due to the patient fall-
ing through caregiver cracks (Fig. 3.1). This means that some caregivers either did 
not transmit some important information, did not know or understand the signifi-
cance of the information, or assumed the next caregiver would discover all the rel-
evant information. The relevant information included such items as the patient was 
morbidly obese, had severe OSA, had an abdominal incision, was receiving narcot-
ics, and was off CPAP and oxygen supplementation. This case chapter is about a 
patient who had all of these characteristics and passed between many caregivers, 
without a single caregiver putting together the big picture, leading to her death.

a b

Airway approached by
Non-invasive intubation

Succeed*

Cancel
case

Consider feasibility
of other options(a)

Consider feasibility
of other options (a)
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Patient(d)

Ventilation not adequate,
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Successful ventilation*

Emergency non-invasive airway ventilation(e)

Emergency
invasive airway

access(b)*

FAIL
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airway access(b)*

Initial intubation
attempts successful*

1.  Calling for help
2.  Returning to spontaneous
     ventilation
3.  Awakening the patient

Initial intubation
attempts UNSUCCESSFUL

From this point
onwards consider:

Face mask ventilation adequate

NON-EMERGENCY PATHWAY

If both
face mask
and LMA
ventilation
become

inadequate

Face mask ventilation not adequate

Consider / Attempt LMA

LMA Adequate*

Emergency pathway

LMA Not adequate*
or not feasible

Invasive
airway access(b)*

Invasive
airway access(b)*

Ventilation adequate, intubation unsuccessful

Successful
intubation*

Alternative approaches
to intubation(c) 

FAIL after
multiple attempts

a.

b.
e.

d.

c.Other options include (but are not limited to): surgery utilizing face
mask or LMA anesthesia, local anesthesia infiltration or regional
nerve blockade. Pursuit of these options usually implies that mask
ventilation will not be problematic. Therefore, these options may be
of limited value if this step in the algorithm has been reached via
the Emergency Pathway.

Alternative non-invasive approaches to difficult intubation include
(but are not limited to): use of different laryngoscope blades, LMA
as an intubation conduit (with or without fiberoptic guidance),
fiberoptic intubation, intubating stylet or tube changer, light wand,
retrograde intubation, and blind oral or nasal intubation.
Consider re-preparation of the patient for awake intubation or
canceling surgery.
Options for emergency non-invasive airway ventilation include (but
are not limited to): rigid bronchoscope, esophageal-tracheal combitube
ventilation, or transtracheal jet ventilation.

Invasive airway access includes surgical or percutaneous
tracheostomy or cricothyrotomy.

* Confirm ventilation, tracheal intubation, or LMA placement with exhaled CO2

Awake Intubation
Intubation attempts after

induction of general anesthesia

Fig. 3.2 ASA difficult airway algorithm. (Adapted from American Society of Anesthesiologists 
[2]. With permission from Wolters Kluwer Health, Inc.)
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 L-2: What Are the Implications of the Sleep Study in This 
Patient?

During this patient’s sleep study, she had an average of 54.8 apneic episodes and 
19.1 hypopneic episodes per hour, for a total apnea-hypopnea index (AHI) of 74.0/h. 
An apnea is defined as complete cessation of breathing, and a hypopnea is defined 
as a decrease of greater than 50% of the average awake tidal volume for longer than 
10 s during which the SpO2 decreases more than 4%. According to the most recent 
guidelines from the American Academy of Sleep Medicine, mild OSA is diagnosed 
with an AHI of 5–15/h, moderate OSA with an AHI of 15–30/h, and severe OSA 
with an AHI greater than 30/h [3]. Of note, the ASA OSA guideline has different 
cutoffs for mild, moderate, and severe OSA, using the ranges of 6–20/h, 21–40/h, 
and >40/h, respectively [1]. Severe OSA is also defined as a lowest saturation below 
80%; this patient’s lowest recorded oxygen saturation was 74%. However, there 
were additional findings on this patient’s sleep study that indicated the OSA situa-
tion was even more critical than was obvious. To understand this, first we will dis-
cuss some basic OSA pathophysiology.

The human pharynx consists of three anatomic divisions: the nasopharynx, oro-
pharynx, and laryngopharynx (Fig. 3.3). The nasopharynx begins at the beginning 
of the soft palate and ends at the end of the soft palate (the tip of the uvula), and 

Upper airway anatomy
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Fig. 3.3 Anatomic structures of the upper airway. The nasopharynx is retropalatal, the oropharynx 
is retroglossal, and the laryngopharynx is retroepiglottic
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therefore the nasopharynx is a retropalatal pharynx (also called the velopharynx). 
The oropharynx begins at the tip of the uvula and ends at the tip of the epiglottis, 
and therefore the oropharynx is a retroglossal pharynx. The laryngopharynx begins 
at the tip of the epiglottis and ends at the vocal cords, and therefore the laryngophar-
ynx is a retroepiglottic pharynx (also called the hypopharynx). The nasopharynx, 
oropharynx, and laryngopharynx make the upper airway a long soft-walled tube. 
The long soft-walled tube fulfills two functions that are uniquely human. First, this 
structure creates a chamber for the development of resonance and harmonics that 
allows humans to speak and sing. Second, the long soft-walled tube is soft and col-
lapsible. The only way this space can stay patent is by the action of pharyngeal 
muscles (Fig.  3.4). The tensor palatine pulls the soft palate forward keeping the 
retropalatal nasopharynx open. The genioglossus pulls the tongue forward keeping 
the retroglossal oropharynx open. Small paired hyoid muscles pull the epiglottis 
forward keeping the retroepiglottic laryngopharynx open.

There are two stages of sleep, and they are called non-rapid eye movement 
(NREM) (which has substages 1, 2, 3, and 4) and rapid eye movement (REM) sleep. 
Deep and restorative sleep is considered to occur during REM sleep and NREM 
stages 3 and 4 (Fig.  3.5). Twenty percent of sleep should be in REM, and 20% 
should be in NREM 3 and 4. During sleep there is relaxation of all the muscles of 
the body, including the pharyngeal muscles. The pharyngeal muscle relaxation 
causes pharyngeal collapse. The deeper the sleep, the greater the degree of pharyn-
geal muscle relaxation and pharyngeal collapse. In an OSA patient, an increased 
degree of pharyngeal muscle collapse is caused by certain anatomic traits, including 
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Fig. 3.4 The tensor palatine pulls the soft palate forward, the genioglossus pulls the tongue for-
ward, and the hyoid muscles pull the epiglottis forward. These combined actions keep the entire 
pharynx open
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obesity-related changes (large tongue, pharyngeal fat [small pharynx], thick neck 
[extra weight on upper airway]) and other contributions such as large tonsils, uvula 
thickening, nasal obstruction, and retrognathia (Fig. 3.6).

If the degree of pharyngeal muscle relaxation and pharyngeal collapse is great 
enough to cause the inspired air to flutter around the uvula, tongue, and epiglottis, 
then there will be snoring and hypopnea. If the degree of pharyngeal muscle relax-
ation and pharyngeal collapse is enough to cause complete obstruction, then there 
be will no flow, silence, and apnea. In OSA, in order to overcome each and every 
one of the innumerable and repetitive obstructions during sleep, there has to be 
some sort of arousal. In the vast majority of situations, the arousal is a mini-
arousal consisting of a burst of activity on the electroencephalogram (EEG) and 
externally manifesting as twitching, turning, extremity movement, and vocaliza-
tion. The mini- arousal activates the pharyngeal muscles, opening the airway and 
allowing the patient to breathe again. Thus OSA consists of repetitive cycles of 
sleep, arousal, sleep, and arousal. Because the sleep is fragmented and the patient 
is robbed of deep and restorative sleep, the patient develops a sleep deficit that 
manifests as daytime sleepiness.

With this context, some details of our patient’s sleep study take on a new light. 
Despite the high AHI index, very little of her sleep was spent in the deep and restor-
atives stages of sleep: 0% of the time was in NREM 3 and 4, and 0.2% was in 
REM.  This indicates that her pharyngeal muscles were so prone to collapse and 
obstruction that she was symptomatic even during light sleep. We can expect that her 

Normal sleep
A Normal night of sleep has 4-6 cycles of:

NREM
stages

Slowing
Of

EEG

Loss of muscle
tone Æ loss of
pharyngeal muscle
tone Æ pharyngeal
collapse; ≠ Rairw

REM

Deep and
restorative

sleep

1

2

3

4

Fig. 3.5 A normal sleep cycle consists of REM sleep and 4 stages of NREM sleep. During deep 
and restorative sleep, which includes REM and NREM stages 2 and 3, there is loss of muscle 
tone leading to pharyngeal collapse and increased resistance to air movement through the 
airway
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OSA severity will only worsen with deeper sleep, whether from rebound sleep or 
artificially induced by medications, with increases in weight, or when the patient is 
off of CPAP. As we will see, all of these factors played a role in this patient’s even-
tual demise.

 L-3: What Does the ASA OSA Guideline Say About OSA 
Assessment and Management?

Understanding the ASA OSA guideline requires that we recognize how the logic of 
the guidelines dictates the specifics of the guideline (Fig. 3.7).

 Causes of OSA

An anesthesiologist should know the causes of OSA (Fig. 3.6). The causes of OSA 
consist of obesity, large tongue, large tonsils, large uvula, obstructed nasal passages, 
retrognathia, supine position, and head flexion. Obesity causes OSA because fat is 
deposited in the tongue making the tongue bigger (and the airway smaller), fat is 

Sites of obstruction during sleep apnea

In 50-75% of OSA Patients, the obstruction is at ≥ 2 sites

Made worse by:
Obesity

Large tonsils

Airspace

Nasopharynx or
velopharynx

Oropharynx

Laryngopharynx
or hypopharynx

Especially deep sleep

Uvula thickening

Nasal obstruction

Retrognathia

Supine position

Flex neck

a. Large tongue

OSA = Consists of 3 phases

Obstruction during sleep

Arousals

Daytime sleep

b. Pharyngeal fat
c. Thick neck

Fig. 3.6 Sites of obstruction during sleep apnea. The presence of any of the causes listed on the 
left side of the figure may cause obstruction during sleep (indicated by rightward arrows on the 
right side of the figure) and should raise the anesthesiologist’s suspicion for OSA
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deposited in the pharynx making the oropharyngeal and laryngopharyngeal air 
spaces smaller, and fat is deposited in the neck causing compression of the long, 
soft-walled upper airway. Any disease process that makes the tongue bigger, like a 
glycogen storage disease or a lingual mass, will also cause OSA.

 Diagnosing OSA

If a cause (or causes) of OSA is present, then the anesthesiologist should ask the 
patient whether they have OSA, and if the patient does not know, then the anesthesi-
ologist should attempt to rule in or rule out a presumptive clinical diagnosis of OSA 
(Fig. 3.8). A presumptive clinical diagnosis of OSA can be made by asking the patient 
about obstruction during sleep (snoring, apnea, turning blue), arousals (turning, 
twitching, extremity movement, vocalization, and snorting), and daytime somno-
lence (easily falling asleep during quiet times). Having an automatically used ques-
tionnaire is encouraged and can serve as a partial surrogate for detecting the presence 
of OSA but does not replace a thorough clinical evaluation by a physician.

The ASA OSA Guideline:
Specifics          Logic

Causes
of OSA

Perioperative
risk

of OSA

Perioperative
management

of OSA

Diagnosis
of OSA

Severity
of OSA

Facility

Preop

Intraop

PACU

Postop

Postop opioid
requirement

Invasiveness
of A &/or S or

Fig. 3.7 Pathway for understanding the ASA OSA guideline. Following the logic of this pathway 
dictates what specifics are important to consider at each step
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 Assessing Severity

Once the diagnosis of OSA has been made, the next step is to determine the severity 
of the condition, either using clinical criteria or with a sleep study as previously 
described (see L-2). In order to understand how to diagnose mild, moderate, and 
severe OSA, it is useful to first polarize the issues in the diagnoses for mild versus 
moderate OSA (Table 3.2). Mild OSA can be recognized by the following features: 
these patients are usually obese, snore most of the time, do not have obvious epi-
sodes of arousal but do occasionally appear restless during sleep, occasionally fall 
asleep during quiet times of the day, and usually do not have significant cardiovas-
cular disease. In contrast, severe OSA is characterized by patients who are morbidly 
obese, snore all of the time, have frequent apneic episodes, have frequent arousal 
during sleep, occasionally turn blue during apnea, fall asleep frequently during 
quiet times, and may have significant cardiovascular disease. Making a clinical 
diagnosis of moderate OSA requires judgment, and the physician can never take 
judgment out of the equation. If the OSA is not mild or severe, then call it moderate 
and move on; this determination is not a test of the physician. It is far more impor-
tant to try to ballpark the severity so that the practitioner may formulate a rational 
plan of management.

Making a preoperative presumptive
Clinical diagnosis of OSA:

Is there a history or observation of:

Easily falls

Asleep during

Quiet times

Turning,
Twitching
Extremity
Movement

Vocalization,
Snorts

Snoring

Apnea

Turns blue

Use automatic questionnaire to alert you/flag patient: STOPBANG

Not very useful = Embrace billions of patients

S and O T

The P =   BP, B =   BMI, A = > 50, N = Male ≥ 17’’, Female ≥ 16’’, G = Gender

Obstruction
during sleep

Daytime
somnolenceArousals

Fig. 3.8 Making a presumptive clinical diagnosis of OSA. The commonly used STOP-BANG 
questionnaire asks about snoring (S), tiredness (T), and observed apnea (O), but a complete assess-
ment should ask about all the symptoms listed above. P blood pressure, B BMI, A age, N neck size, 
G gender
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 Perioperative Risk Score

Once severity has been determined, using either clinical or sleep study criteria, a 
perioperative risk score can be calculated (Fig.  3.9). OSA severity is assigned a 
point value of 1, 2, or 3, corresponding to mild, moderate, or severe OSA. The other 
component considers the invasiveness of the surgical procedure and anesthetic or 
the postoperative opioid dose, whichever earns a higher point value. In terms of 
surgical invasiveness, a mild procedure (1 point) would be a superficial or peripheral 
procedure, with at most moderate sedation, whereas a major procedure (3 points) 
would be anything requiring a thoracotomy or large abdominal incision. A moderate 

Table 3.2 Characteristics of mild versus severe OSA. If a patient does not fit clearly in either 
category, they should be classified as having moderate OSA

Characteristics of OSA
Occurrence
Mild Severe

Obesity Obese Morbidly obese
Snore Supine – most of the time All positions – all of the time
Stop breathing No? Yes
Turn blue No Yes
Arouse Some A lot
Daytime somnolence Occasionally A lot
Cardiovascular disease None to? Probably

Perioperative risk =

Severity
of

OSA
(1-3)

(M,M,S)

Whichever is greater
Increased risk = Risk score of 4
Significantly increased risk = Risk score of 5

Invasive-
ness of

ANES &/or SURG
(1-3)

(M,M,S)

Postop
opioid
dose
(1-3)

(M,M,S)

+

Either

OR

Fig. 3.9 Calculating the perioperative risk score. Severity of OSA earns from 1 to 3 points. For the 
second component, use whichever earns a higher score: invasiveness of the procedure and anes-
thetic versus post-op opioid dose. Per the ASA OSA guidelines, patients with a score of 5 or 6 
should be done as inpatients. M, M, S mild, moderate, severe
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procedure (2 points) would be anything else in between those extremes. In terms of 
post-op opioid dose, mild (1 point) would include low-dose oral opioids, and severe 
(3 points) would include high-dose oral opioids or parenteral opioids. Using this 
calculation, a risk score of 4 would indicate increased perioperative risk, while a risk 
score of 5 or greater would indicate significantly increased risk. The patient in the 
case being discussed, with severe OSA (3 points) and having a large abdominal inci-
sion (3 points), would have the highest possible risk with a score of 6.

 Perioperative Management

Perioperative OSA risk should determine the specifics of perioperative manage-
ment. The ASA OSA guidelines say patients with OSA risk scores of 5 and 6 should 
have their surgery as inpatients. All anesthesiologists would agree, as an absolute 
truth, that a morbidly obese patient with severe OSA receiving an abdominal sur-
gery must be done as an inpatient case. However, there are no official guidelines 
regarding the appropriate facility for patients who approach these extreme outpa-
tient surgery exclusion criteria. It will be up to the practitioner and their practice 
group to decide how far to back off the extreme outpatient criteria in terms of who 
can be done as an outpatient.

Preoperatively, the patient should be counseled to lose weight and to continue 
using CPAP nightly. Intraoperative considerations regarding intubation and extuba-
tion were previously described (see L-1). Postoperatively, both in the PACU and after 
PACU discharge, the patient should be closely watched. There are no replacements 
for human eyes, and it is critical that there be caregivers able to physically observe 
the patient for episodes of apnea or hypopnea. This, of course, must be supplemented 
with continuous electronic monitors such as pulse oximetry and capnography.

 L-4: What Led to This Patient’s Death?

The failure of the primary care physician to mention OSA in the history is the first 
of several events that can be traced to the patient’s outcome. The primary care physi-
cian later explained that she did not mention OSA because the patient’s OSA was 
very well controlled, the patient presented in the morning and sleep was not an 
active issue, the acute abdomen was the overriding primary concern, she had 
expected the other physicians to do their own complete history, and she had expected 
the patient to be a good historian with the other physicians. Each of these assump-
tions can be independently understandable, especially in the urgent clinical context 
of a patient with an acute abdomen, and it is entirely possible that some practitioners 
have made similar assumptions from time to time. Yet it is these assumptions that 
began the process of this patient eventually falling through the cracks to her death, 
underscoring the importance of recognizing and respecting the danger of OSA at 
every step in a patient’s progress through the medical system.
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Similarly, the consulting surgeon did not obtain a history from the patient regard-
ing her OSA; it is expected that the surgeon would be preoccupied with assessing 
the surgical situation. As a result, the presence of severe OSA was not communi-
cated to the anesthesiologist. The anesthesiologist was eventually made aware of the 
OSA by the patient but made no effort at the time of wheeling the patient into the 
operating room to assess the severity of the OSA. It is important to recognize that 
severity matters a great deal; the perioperative risks from OSA are directly propor-
tional to severity. This failure to bring notice to the patient’s severe OSA continued 
down the line, such that none of the subsequent caregivers (PACU nurse and floor 
nurse) were aware of the risk to the patient, thus directly leading to her death.

In summary, it is the responsibility of the anesthesiologist to recognize the peri-
operative risk from severe OSA and to make the decision of where the patient goes 
after discharge from the PACU. The presence of obesity or any of the other causes 
of OSA should trigger the anesthesiologist to rule in or rule out a presumptive clini-
cal diagnosis of OSA. If a presumptive clinical diagnosis is made, or if it is known 
from other sources that the patient has OSA, then the severity should be assessed, 
either clinically or with a sleep study if available. A sleep study can offer useful 
information beyond the AHI; pay attention also to the patient’s weight at the time of 
the study and depth of sleep. Only by having all this information can the 
 anesthesiologist make a rational decision of where to send the patient after PACU. 
Ignoring this responsibility would otherwise mean you are asking the patient to 
blindly jump off a clinical cliff, possibly to their death.
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Chapter 4
Abdominal Compartment Syndrome 
and Pulmonary Aspiration

Deborah L. Fretwell and Luis M. Rivera

 Case Description

We present the case of a 70-year-old man with a past medical history significant for 
HIV/AIDS (CD4 count 91 cells/mm3), cirrhosis, asthma, and paroxysmal atrial 
fibrillation who was found obtunded in his skilled nursing facility (SNF).

The patient was brought to the emergency department (ED) from his SNF after 
being found unresponsive with a tense abdomen. The night before, he was seen by 
his spouse and at that time was at his baseline mental status. He reported early sati-
ety but was not complaining of abdominal pain. He arrived to the hospital being 
mask-ventilated by emergency medical personnel. He was emergently intubated in 
the ED via rapid sequence intravenous induction with 20  mg of etomidate and 
70 mg of rocuronium. A 7.5 mm endotracheal tube (ETT) was placed at a depth of 
25 cm at the teeth (Wt 68 kg, Ht 6′1″). During the intubation, the ED physician 
noted emesis in the patient’s airway and suctioned the emesis prior to placing the 
ETT. On auscultation, he was noted to have good bilateral breath sounds and exhaled 
CO2 color change using a colorimetric CO2 detector. A 16 French orogastric tube 
was then placed. His initial blood pressure was 57/32 mmHg, and heart rate and 
rhythm were sinus tachycardia at about 100–110 beats per minute (BPM). Lab 
results were significant for chronic hyponatremia (Na = 128 mEq/L) and coagulopa-
thy related to his chronic liver failure (INR 1.6, PLT 112 × 109/L). A venous blood 
gas was consistent with severe acute hypercarbic respiratory failure with a meta-
bolic alkalosis (pH 7.07, pCO2 116 torr, pO2 49 torr, HCO3 33 mEq/L).
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A central line was placed, and intravenous infusions of vasopressin, norepineph-
rine, and phenylephrine were started to support his blood pressure. An abdominal 
X-ray showed significant free air in the abdomen concerning for perforated bowel. 
The X-ray findings in conjunction with the patient’s severely distended abdomen 
seen on physical exam and his hemodynamic instability led to the preliminary diag-
nosis of abdominal compartment syndrome (L-1). He was taken to the operating 
room (OR) emergently for exploratory/decompressive laparotomy.

Upon arrival to the OR, the patient was disconnected from the transport ventila-
tor and connected to the anesthesia circuit. Difficult ventilation (L-2) and several 
other ventilation issues arose simultaneously:

 1. No end-tidal CO2 (ETCO2) was detected (L-3).
 2. Hypoxemia (SpO2 70–80%).
 3. Elevated peak airway pressures (35–45 mm H2O).
 4. Low tidal volumes (125–150 mL).

The anesthesiology team proceeded with the assumption that several issues were 
impacting their ability to ventilate and oxygenate: aspiration pneumonitis (L-4), 
ETT placed too deep, and his distended abdomen pushing on the diaphragm and 
preventing lung expansion.

While hand ventilating to assess compliance, the anesthesiologist asked the sur-
geons to open the abdomen expeditiously in order to relieve pressure against the 
diaphragm (L-5). While waiting for the surgeons, the patient was positioned in a 
slight reverse Trendelenburg position, anticipating that this would worsen the 
patient’s hypotension but aiming to further relieve pressure against the diaphragm 
and facilitate ventilation. One hundred milligrams of rocuronium was administered 
empirically to eliminate any muscle tone, which might also have been contributing 
to the high abdominal pressure.

Auscultation of the lungs revealed very diminished bilateral breath sounds. The 
ETT was suctioned, with no gastric contents, mucus plugs, or secretions found. Due 
to concern that the endotracheal tube was potentially too deep because of probable 
cephalad displacement of the diaphragm from the patient’s distended abdomen, the 
ETT was empirically pulled back from 25 to 23 cm at the teeth. Later in the case, 
after the surgeons suctioned 2 L of ascites from the abdominal cavity, and with the 
ETT repositioned as stated above, a fiber-optic bronchoscopic examination con-
firmed placement of the ETT 3 cm above the carina.

During the case, the patient displayed shock physiology, with tachycardia at a 
heart rate of 110–120  BPM, and hypotension with a blood pressure in the 
60s/40s  mmHg range, despite high doses of three vasopressors (vasopressin 
0.04 units/min, norepinephrine 30 mcg/min, and phenylephrine 125 mcg/min) and 
several boluses of the above vasopressors. An arterial line was placed, and the 
patient was managed with escalating doses of these vasopressors while using a min-
imal concentration of volatile agent. In order to improve hemodynamics, small 
boluses of epinephrine were administered (20 mcg). A continuous epinephrine infu-
sion was prepared, and a 250 mL bolus of albumin was rapidly infused.
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The surgeons found all the bowel to be viable, and the abdomen was left open 
with a wound vacuum in place. The patient remained critically ill in the surgical 
intensive care unit for the next several days. He continued to require vasopressin, 
norepinephrine, epinephrine, and phenylephrine while in multi-organ failure (acute 
renal failure requiring continuous renal replacement therapy, shock liver secondary 
to hypoperfusion, acute respiratory failure secondary to aspiration, and sepsis). On 
hospital day 3, the patient was taken to the OR for a wound vacuum change. On 
hospital day 4, the patient expired after withdrawal of life-sustaining care.

 Lesson 1: Abdominal Compartment Syndrome (ACS)

In the early 1980s, physicians began to investigate the significance of increased 
abdominal pressure. Much of our current understanding of the underlying patho-
physiology of abdominal compartment syndrome emanates from research done in 
the 1980s and 1990s [1].

Founded in 2004, a physician/researcher society now called “World Society of 
the Abdominal Compartment Syndrome” (WSACS) was formed, comprised of the 
world’s leading experts on abdominal compartment syndrome (ACS), which is also 
commonly referred to as intra-abdominal hypertension (IAH). The Society has a 
comprehensive website and is dedicated to promoting research and education and 
developing guidelines/recommendations for the treatment of ACS/IAH (http://
www.wsacs.org).

 Definition and Diagnosis

The term “abdominal compartment syndrome” was first coined in 1989 by Dr. Fietsam 
and his colleagues [2]. ACS is defined as a sustained increase in intra- abdominal pres-
sure from normal baseline pressures of 0–7  mmHg in relatively healthy adults to 
greater than 20 mmHg in conjunction with new organ failure [3]. The rise in pressure 
is often rapid, potentially within hours, and organ systems are unable to quickly adapt 
and compensate. This is distinct from chronic conditions that are associated with 
increases in abdominal pressure such as morbid obesity, where the rise in pressure is 
insidious and organ systems are able to adapt and adjust over time [4].

Another term used, “intra-abdominal hypertension” (IAH), while carrying its 
own somewhat distinct definition, is often used interchangeably with ACS. IAH is 
defined by “sustained or repeated pathological elevation in intra-abdominal pres-
sure (IAP) greater than or equal to 12 mmHg” [3] (Table 4.1).

The primary clinical finding of ACS is a severely tense, distended abdomen. This 
edematous state, when caused by injury to or disease originating in the abdomino-
pelvic region, is referred to as primary ACS. Primary ACS can also be caused by 
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intra-abdominal hemorrhage. Alternatively, pressurized inflammation of abdominal 
contents can be caused by factors not originating in the abdominopelvic region such 
as from aggressive fluid resuscitation or septic-shock-induced inflammation, which 
is referred to as secondary ACS [3].

ACS may be diagnosed by measuring intra-vesical pressure. A method first 
devised by Dr. Kron from the University of Virginia in 1984 measures intravesical 
pressure using a bladder catheter as a surrogate for intra-abdominal pressure [5]. 
While some have challenged the reliability of bladder pressure measurements and 
shown that bladder pressure tends to overestimate true intra-abdominal pressure, 
this is nonetheless still an easy and safe method to minimally invasively measure the 
trend in intra-abdominal pressure in the intensive care unit [6]. WSACS recom-
mends serial measurements of intra-abdominal pressure every 4 h in critically ill 
patients.

 Derangements in Organ Function

The derangements in organ function seen in patients with ACS stem from the 
abdominal contents directly compressing the vena cava, other vessels, and the vis-
cera, thereby impeding blood flow to all vital organs. With decreased perfusion of 
the kidneys, the glomerular filtration rate is decreased, and clinically patients often 
present with oliguria. Splanchnic perfusion is also restricted, which leads to 
decreases in gastric mucosal pH [7, 8]. An increase in intracranial pressure (ICP) 
may occur, which stems from the obstruction of venous blood flow from the cra-
nium. Animal and human studies suggest that elevated ICP in ACS is the result of 
cerebral venous outflow obstruction [9, 10] (Fig. 4.1).

 Effects on Ventilatory Mechanics and Gas Exchange

Of keen interest to the anesthesiologist are the changes in respiratory mechanics 
seen in patients with ACS. In this case, the anesthesiologist encountered consider-
able difficulty ventilating the patient. Several diagnostic and therapeutic steps were 
taken, including auscultating the lungs, checking the anesthesia circuit for leaks, 
hand ventilating to assess resistance and compliance, administering muscle 

Table 4.1 Grading the 
severity of intra-abdominal 
hypertension (IAH) according 
to intra-abdominal pressure 
(IAP)

Grades of IAH IAP (mmHg)

I 12–15
II 16–20
III 21–25
IV >25
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relaxants, repositioning and suctioning the ETT, and positioning the patient in slight 
reverse Trendelenburg position. While all of these actions were important and nec-
essary steps, it wasn’t until the surgeons opened the abdomen that the respiratory 
function (oxygenation and ventilation) dramatically improved and adequate tidal 
volumes could finally be delivered.

With the abdominal contents elevating the diaphragm cephalad, pleural and 
intrathoracic pressures increase. This causes a decrease in lung volumes and dra-
matically decreases lung compliance, which in turn produces increased peak inspi-
ratory airway pressures (PIP) and low tidal volumes during mechanical ventilation 
[11]. Similar to patients with morbid obesity, ACS decreases a patient’s functional 
residual capacity (FRC), defined as the lung volume remaining at the end of normal 
exhalation, leading to increased collapse of alveoli upon end exhalation. With 
decreased FRC, atelectasis, a normal occurrence during anesthesia, is magnified. 
These under-ventilated atelectatic areas of the lung may continue to receive blood 
flow, which leads to ventilation-perfusion mismatch. As a result, and as was seen in 
this patient case, hypercapnia (elevated PaCO2) and hypoxemia/hypoxia (low PaO2 
and SpO2) can be severe.

Elevation of the diaphragm in patients with ACS can affect positioning of the 
ETT. With the abdomen pressing upward against the lungs and impeding the ability 
of the lungs to expand caudally, the ETT may advance beyond the carina into the 
right mainstem bronchus. The result is unintended one-lung ventilation, during 
which hypoxia is a common complication. Even if not advanced into the right main-
stem bronchus, an ETT resting against the carina may affect ventilation. As was 
done in this case, auscultation of the lungs and confirmation of tube placement 
above the carina with a fiber-optic bronchoscope may be necessary.

Elevated intra-abdominal pressure
creates a vicious cycle

Increased IV
fluid

resuscitation

Fluid third spacing
and edema

Multi-organ
dysfunction/failure

Reduced end-
organ perfusion

Reduced cardiac
output

Reduced cardiac
preload

Falsely elevated
CVP, CWP

-Brain : elevated ICP.
-Lungs : barotrauma,
hypercarbia,
hypoxia
-Intestines : edema,
ischemia, necrosis.
-Kidneys : decreased
blood flow, renal
venous congestion,
decreased UOP,
renal failure.

Compression of
vena cava

Bowel edema,
increased IAP

Fig. 4.1 The effects of abdominal compartment syndrome on the organs of the body
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 Effects on Hemodynamics

In ACS, direct compression of the inferior vena cava (IVC), in conjunction with 
increased intrathoracic pressure, results in decreased blood return to the heart 
(decreased preload) and reduced cardiac output [11]. Pressure against the diaphragm 
can cause direct cardiac compression causing tamponade-like physiology and com-
pression of the abdominal vascular beds resulting in increased cardiac afterload 
[12]. Hypovolemia exacerbates the decreased cardiac output seen in ACS.  Fluid 
resuscitation in these patients, especially in the presence of comorbid conditions 
such as liver failure (as in this case), is challenging. Because of the formation of 
edema, ACS patients are often total-body fluid overloaded while paradoxically 
being intravascularly depleted. Their severe intravascular volume depletion with 
excessive fluid in the abdominal cavity and bowel wall causes a shock state. Colloids 
are likely a better choice under such circumstances in order to increase oncotic pres-
sure. Administration of crystalloids should be limited.

Changes in the patient’s hemodynamics significantly impact renal function, 
hepatic blood flow, and the perfusion of the kidneys and bowel. Not infrequently, 
patients with ACS will present with severe hypotension and oliguria secondary to 
renal failure. They can also suffer complications of bowel ischemia and shock liver 
from hypoperfusion [11]. In this case, multiple vasoactive medications were 
required to maintain adequate preload, contractility, and afterload in an attempt to 
improve perfusion of vital organs.

 Treatment and Intraoperative Management

Decompressive laparotomy is the definitive therapy for ACS. It has been shown to reli-
ably lower abdominal pressures [13]. Nonsurgical approaches to abdominal decom-
pression were previously thought to be ineffective, but there are now medical treatments 
considered potentially useful in ACS [14].WSACS has made recommendations, some 
of which may help guide patient management decisions in the operating room [3]:

 1. Strategic body positioning (e.g. reverse Trendelenburg) may be used to relieve 
pressure against the diaphragm and facilitate improved respiratory mechanics. In 
this case, this maneuver was insufficient to improve ease of ventilation.

 2. As was done in this patient case, neuromuscular blockade (NMB) can be used to 
eliminate any muscle tone. NMB is thought to improve abdominal wall 
compliance.

 3. Controlled and closely monitored fluid resuscitation in these patients is essential. 
Colloids are likely a better choice under such circumstances in order to attempt 
to increase oncotic pressure. Administration of crystalloids should be limited. In 
this case, the patient’s severe hypotension, hemodynamic instability, and septic 
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shock physiology required administration of both crystalloids and colloids in an 
attempt to maintain perfusion to vital organs.

 4. Organ support with vasoactive medications may be necessary.
 5. There is inadequate data to support the use of nasogastric decompression, GI 

prokinetic medications, or diuretics.

Currently there is insufficient data to make specific recommendations regard-
ing intraoperative sedation and analgesia for patients with ACS.  Myocardial 
depressant and vasodilating anesthetics should be used with great caution. In this 
case, a volatile anesthetic was used sparingly due to the patient’s hemodynamic 
instability.

 Patient Outcome

As an anesthesiologist, it can be quite dramatic when surgeons open a tense abdo-
men and respiratory mechanics improve almost instantly. However, despite our best 
efforts, greater than one third of patients presenting with severe ACS ultimately die, 
often from multi-organ failure [15].

De Waele et al. pooled data from 18 different studies including 250 patients who 
underwent decompressive laparotomy. This review revealed that despite abdominal 
pressure being consistently lower after decompressive laparotomy 
(34.6 mmHg → 15.5 mmHg), the pressures tend to remain abnormally high and 
recuperation of organ function is variable. Mortality in the whole group was 
extremely high at 49% (123/250 patients) [13].

 Lesson 2: Difficulty Ventilating and Oxygenating

 Hypoxia Troubleshooting

In situations in which it is difficult to ventilate a patient with a secured airway, the 
differential diagnosis can be divided broadly into mechanical issues with the breath-
ing circuit versus problems with the patient’s respiratory physiology. When trouble-
shooting in the operating room, it is valuable to distinguish between these two, but 
it is important to keep in mind that factors from both categories can simultaneously 
contribute to the clinical picture [16]. Whichever approach is taken, it is essential to 
be expeditious. Most of these maneuvers should be performed simultaneously.

 1. Do not hesitate to call for help if the situation is rapidly deteriorating.
 2. Increase the inspired oxygen fraction to 100% if the patient is not already 

receiving 100% oxygen.
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 3. Check the pulse oximeter waveform and evaluate whether the pulse oximetry 
readings are reliable. If there is a poor signal, consider switching to a new probe 
and/or switching to a different location (fingers, toes, ears, nose).

 4. Switch off the ventilator and hand-ventilate the patient to assess lung compli-
ance. Evaluate the ease with which breaths can be delivered to determine whether 
there might be bronchoconstriction or bronchospasm. Severe bronchospasm 
may prevent sufficient oxygen from reaching the alveoli and prevent carbon 
dioxide removal and must be treated immediately.

 5. Auscultate the patient’s lungs, listening for wheezing or stridor which may indi-
cate airway obstruction, crackles consistent with pulmonary edema, unilateral 
breath sounds consistent with mainstem intubation or pneumothorax, or complete 
absence of breath sounds consistent with esophageal intubation. Mainstem intu-
bation causes intrapulmonary shunt, where the alveoli are perfused, but not ven-
tilated, resulting in more deoxygenated blood returning to systemic circulation.

 6. Check the endotracheal tube to assess whether it has been dislodged (right 
mainstem intubation) or kinked or whether the patient might be biting down 
and obstructing it, and make sure the cuff is properly inflated. If available, con-
sider using a fiber-optic bronchoscope to evaluate the proper placement of the 
ETT since clinical inspection of the ETT sometimes fails to identify 
malpositioning.

 7. Consider suctioning the ETT and lower airway with a suction catheter to rule 
out mucus plugs, excessive secretions, or aspirated gastric contents.

 8. Check the anesthesia circuit components including inspiratory and expiratory 
valves, bellows, pipeline, and cylinder pressures to make sure nothing is loose 
or disconnected. Consider disconnecting the patient from the anesthesia circuit 
entirely and connecting to a Mapleson circuit or self-inflating “ambu” bag with 
an oxygen tank. If the patient remains hypoxic and difficult to ventilate, this 
points toward the breathing tube/airway and the patient’s physiology as the 
genesis of ventilation problems rather than the anesthesia machine or breathing 
circuit.

 9. Check the ventilator settings and fresh gas flow settings. Rule out mechanical 
hypoventilation if the ventilator respiratory rate and tidal volume settings were 
inadequate.

 10. Attempt a recruitment maneuver. If the patient has atelectasis, recruitment 
breaths will open collapsed alveoli. External compression of the lung from 
Trendelenburg positioning, ascites, or obesity can also cause shunt from atelec-
tasis. Abnormal abdominal and chest wall mechanics such as those seen in 
patients with ACS cause atelectasis because of low functional residual capacity. 
Parenchymal and bronchial diseases such as asthma, chronic obstructive pul-
monary disease, pneumonia, or acute respiratory distress syndrome (ARDS) 
can also lead to ventilation-perfusion mismatch and problems with ventilatory 
mechanics.

 11. Assess hemodynamics. Circulatory failure impacts the delivery of oxygen to 
the tissues, which may result in low oxyhemoglobin saturation. Start inotropes 
and vasopressors if necessary (Fig. 4.2).
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 Elevated Peak Inspiratory Pressures (PIP)

Whereas higher than normal initial PIPs may be due to a number of reasons, a sud-
den intraoperative increase in PIP is reason for alarm. Therefore, it is important to 
commit to memory a patient’s initial PIP in order to be able to differentiate expected 
increases in PIP (insufflation of the abdomen, increase in tidal volumes, decrease in 
I:E ratio, application of PEEP, etc.) from problematic ones.

Sudden increases in peak airway pressures in the operating room are important 
as they may indicate an equipment problem or an issue with the patient’s condition. 
All anesthesia ventilators display the peak inspiratory pressure (PIP), and generally 
a maximum acceptable PIP intraoperatively is <40 cmH2O [17]. Peak pressures are 
a reflection of the resistance and compliance in the breathing circuit/system when a 
breath is delivered from the machine to the patient’s lungs. In the operating room, 
the most common causes of high peak inspiratory airway pressures (PIP) include 
high airway resistance scenarios such as bronchospasm, kinking of the ETT, and 
airway secretions. Elevated PIP is also often seen when chest wall or lung compli-
ance is decreased, such as in morbid obesity, endobronchial intubation, and during 
insufflation in laparoscopic or thoracoscopic surgery.

A way to troubleshoot elevated peak inspiratory pressures is to assess a plateau 
pressure [17]. Plateau pressure can be thought of as a reflection of respiratory system 
compliance (lungs, chest wall, and abdomen). A maneuver called “inspiratory pause” 
can be used to assess the pressure seen by the alveoli during a pause in inspiration. In 
our patient, due to his hemodynamic instability and rapid deterioration of respiratory 
parameters, we were unable to measure whether the plateau pressure was elevated or 
not. However, ventilation by hand seemed to be consistent with decreased overall 
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compliance. In general, if PIP and plateau are increased, the etiology is most likely 
related to decreased pulmonary compliance. If, however, the PIP is elevated and the 
plateau is normal, then increased airway resistance is more likely. More specifically:

Increased PIP + normal plateau indicates increased airway resistance usually 
resulting from the following:

• Mechanical (kinked circuit, faulty inspiratory valve, scavenging failure).
• Endotracheal tube (kinked, secretions, depth, esophagus).
• Conducting airways (bronchospasm, external compression).

Increased PIP + elevated plateau indicates decreased compliance usually 
resulting from the following:

• Alveolus (atelectasis, edema, aspiration).
• Pleural space (tension pneumothorax, pleural thickening, pleural effusion).
• Chest wall (narcotic-induced rigidity, obesity, ascites, ACS).
• Abdominal compartment (ascites, blood, abdominal insufflation, Trendelenburg 

position).

When obtaining a plateau pressure in the operating room is not feasible, then physi-
cally disconnecting the patient from the ventilator and attaching the patient to a Mapleson 
circuit or ambu bag connected to an oxygen tank (or even turning the ventilator off and 
ventilating by hand, as it was done in this case due to the urgency of the situation) will 
help to distinguish between problems with the ventilator and circuit and an issue with 
the patient’s respiratory system or the ETT. If hand ventilation of the patient using the 
Mapleson or ambu bag is easy, then there is most likely a mechanical problem with the 
ventilator or circuit. However, if hand ventilation continues to be difficult, the issue is 
most likely the ETT or the patient’s clinical condition/physiology.

 Diagnosis of Hypoxia and High Airway Pressures

Respiratory mechanics are profoundly impacted by increases in intra-abdominal 
pressure and likely played a role in our patient’s initial presentation. Upon arrival to 
the emergency department, the patient had venous blood gas findings consistent 
with severe acute hypercarbic respiratory failure (pH 7.07, pCO2 116  torr, pO2 
49 torr, HCO3 33 mEq/L), for which he was emergently intubated.

Once in the operating room, already intubated and mechanically ventilated, the 
patient remained hypoxic with low SpO2 70–80% with elevated peak inspiratory pres-
sures of 35–45 mm H2O. External compression of the lungs from the tense ascites 
combined with the abnormal abdominal and chest wall mechanics common in patients 
with ACS was undoubtedly preventing adequate delivery of oxygen to the alveoli and 
impeding removal of carbon dioxide from the lungs. Because the patient had aspi-
rated, the alveoli may have been flooded with acidic gastric contents or fluid from the 
acute onset of ARDS, which further impaired proper gas exchange. The aspirated 
gastric contents were also potentially obstructing the airway and ETT, although none 
were suctioned from the upper airways. Furthermore, the patient’s hemodynamic 
instability contributed to his hypoxia by reducing perfusion of his lungs.
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 Lesson 3: The Absence of End-Tidal CO2

 Differential Diagnosis

Sustained ETCO2 is the routine standard by which anesthesiologists confirm venti-
lation with proper endotracheal tube or laryngeal mask airway (LMA) placement. 
End-tidal CO2 is also used during spontaneous ventilation without airway instru-
mentation during monitored anesthesia care with sedation. An indicator of effective 
circulation (pulmonary blood flow), waveform capnography is now routinely used 
to ascertain the effectiveness of chest compressions during cardiopulmonary resus-
citation (CPR), as recommended by the advanced cardiac life support (ACLS) 
guidelines. Capnographs utilized in typical anesthesia circuits sample small amounts 
of gas from the breathing circuit and use infrared light absorption technology to 
determine the concentration of exhaled CO2 [18].

A precipitous drop in or absence of ETCO2 could indicate a technical distur-
bance in the breathing circuit, esophageal intubation, or significant decrease in pul-
monary blood flow from decreased cardiac output. Pulmonary embolism, in 
particular, cuts off pulmonary blood flow and decreases cardiac output, resulting in 
a sudden decrease in expired CO2. Some of the very same steps that were important 
for troubleshooting hypoxia are also important steps to troubleshoot absent ETCO2.

 Disturbances in the Breathing Circuit: Leaks and Obstructions

The anesthesia circuit should be checked for leaks if there is no ETCO2. The ETT 
should be checked for kinks or obstruction from secretions and mucus plugs.

Since the capnograph is constantly sampling exhaled gas from the anesthesia 
circuit, the tubing and sample chamber can become saturated with condensation, 
resulting in erroneous or absent ETCO2. Conversely, the CO2 analyzer could be 
defective, in which case the sample chamber and tubing should be changed.

In our clinical scenario, the patient was intubated in the emergency department, 
and records indicated that proper ETCO2 color change was noted after intubation. 
However, when the patient was switched from the transport ventilator which did not 
display end-tidal CO2 to the anesthesia circuit and there was no ETCO2, the capno-
graph line and moisture trap were immediately replaced.

 Esophageal Intubation

In the case of an esophageal intubation, the typical finding is either absent ETCO2 
or a steadily declining ETCO2 after several breaths are delivered. Intraoperative 
migration of an ETT into the esophagus is exceedingly rare, but it may occur when 
the ETT is placed insufficiently deep and the cuff herniates above the vocal cords, 
expelling the ETT from the trachea. More commonly, an esophageal intubation may 
occur during initial placement of the ETT when visualization of the trachea is 
obscured (e.g., blood, emesis, anatomical features).
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 Decreased Cardiac Output and Pulmonary Embolism

In contrast to the respiratory issues that have been discussed above, circulatory 
changes may also cause profound changes in ETCO2. For instance, circulatory 
arrest, pulmonary embolism, and a sudden severe decrease in blood pressure can all 
result in decreased pulmonary perfusion, which will be reflected as an acute drop in 
ETCO2. Changes in patient hemodynamics may result in direction reversal of any 
intracardial shunts, also affecting ETCO2.

 Decreased CO2 Production

Hypothermia, decreased metabolic rate states, and other conditions may also cause 
decreases in ETCO2.

 Lesson 4: Aspiration of Gastric Contents

Inhalation anesthetics, propofol, barbiturates, opiates, ketamine, and other sedative-
hypnotics, muscle relaxants, and lidocaine are some of the agents used by anesthe-
siologists that depress airway reflexes (e.g., coughing and swallowing), placing 
patients at risk of aspiration. In addition to airway reflexes, the tone of the upper and 
lower esophageal sphincters plays an important role in preventing regurgitation of 
stomach contents. The incidence of aspiration of gastric contents is about 1/2000–
3000 for elective surgical cases and higher at 1/600 for emergency surgeries, and 
often results in significant changes in respiratory function and hemodynamics [19].

There are specific conditions that predispose patients to greater risk of aspira-
tion, including bowel obstruction, gastroesophageal reflux disease (GERD), hia-
tal hernia, obesity, ascites, pregnancy, recent meal, gastroparesis, and emergency 
surgery [19].

 Historical Underpinnings to the Anesthesiologist’s Approach 
to Aspiration

In 1946, an obstetrician by the name of Dr. Mendelson was the first physician to 
rigorously study the aspiration of gastric contents during anesthesia and the respira-
tory distress and hypoxemia that followed [20]. His early work was the basis for 
much of what anesthesiologists do today to prevent and treat aspiration.

After witnessing poor outcomes for his obstetric patients who aspirated, 
Mendelson was one of the first proponents of withholding oral feedings. By the 
1960s, most anesthesia textbooks advocated nil per os (NPO) status at midnight 
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[21]. The American Society of Anesthesiologists now has an evidence-based set of 
NPO guidelines for surgical patients, which was originally established in 1998 and 
has since been updated to reflect new research findings [22]. NPO at midnight is 
now widely thought to be obsolete, though many health organizations continue to 
use this as a hospital nursing order.

Mendelson was also a proponent of the alkalinization and emptying of stomach 
content. While anesthesiologists routinely pharmacologically manipulate gastric 
pH, some argue that pharmacologic manipulation of gastric pH has not been proven 
effective [22]. Emptying of stomach contents is controversial, as nasogastric tubes 
may not remove particulate matter and may serve as a conduit for regurgitation by 
interfering with the lower esophageal sphincter (LES) tone [23].

Anesthesiologists often perform rapid sequence intravenous induction and 
intubation with apnea and cricoid pressure. The theory behind apnea is reducing 
the risk of insufflating the stomach with air during the delivery of breaths. Cricoid 
pressure is thought to occlude the esophagus, thereby preventing regurgitation of 
gastric contents into the trachea. However, there is much controversy over whether 
clinicians perform cricoid pressure optimally with the appropriate amount of 
pressure (40 N, equal to 9 lbs of pressure when using the English system of mea-
sures). Although the efficacy of applying cricoid pressure, even when done prop-
erly, has been questioned, it continues to be routine practice in patients thought to 
be at increased risk of regurgitation of gastric contents [24].

If regurgitation occurs, some physicians advocate placing the patient in 
Trendelenburg position to prevent flow of gastric contents into the trachea, while 
others argue that Trendelenburg positioning actually promotes further regurgitation. 
A less contentious approach involves turning the patient’s head to the side and suc-
tioning the airway. Most would recommend monitoring the patient for 24–48 h for 
signs and symptoms of aspiration pneumonitis (see pathophysiology timeline for 
details about clinical presentation). Immediate diagnostic bronchoscopy may also 
be useful in making the early diagnosis.

 Pharmacologic Manipulation of Gastric pH and Volume (Table 4.2)

Table 4.2 Maneuvers to manipulate gastric pH and volume

Metoclopramide 10 mg IV pre-op Increases LES tone, decreases gastric volume by 
speeding gastric emptying, weak antiemetic

H2 receptor blockers 
(ranitidine/
famotidine)

50 mg IV/20 mg 
IV

Inhibit gastric secretions and raise pH of new 
secretions but do not alter the volume or pH of 
gastric secretions already present in the GI system. 
Therefore of no use immediately preceding a rapid 
sequence intubation

Sodium citrate/
potassium citrate/
citric acid

15–30 mL PO 
immediately prior 
to induction

Non-particulate, immediate decrease in gastric fluid 
pH, but minor increase in intragastric volume

4 Abdominal Compartment Syndrome and Pulmonary Aspiration



68

 Pneumonitis Versus Pneumonia

We distinguish between aspiration or chemical pneumonitis and aspiration pneumo-
nia. The former refers to a noninfectious chemically mediated inflammation of lung 
tissues after exposure to acidic gastric contents. Clinically, symptoms may include 
bronchospasm, hypoxia, and atelectasis [25]. The latter refers to an infectious pro-
cess that may develop after an initial chemical insult to the fragile lung tissues, 
especially when foreign matter such as food particles enter airways and serve as a 
nidus for infection. Unless chemical pneumonitis evolves into bacterial pneumonia, 
it does not necessitate treatment with antibiotics. On the other hand, aspiration 
pneumonia requires antibiotic treatment of the most commonly encountered organ-
isms: E. coli, Pseudomonas, Klebsiella, S. aureus, Bacteroides fragilis, and other 
gram-negative rod and anaerobes. When available, antibiotic therapy should be tai-
lored to respiratory cultures. Steroids for the treatment of aspiration pneumonia 
have not been shown to improve outcome.

A widespread, unvalidated dogma in anesthesiology is that >25 mL of aspirate 
and a pH of <2.5 are necessary for an aspiration event. The origins of this belief date 
back to 1974, when two researchers directly introduced acid into the lungs of a 
single rhesus monkey and then extrapolated to humans and arbitrarily came up with 
the critical numbers of 25 mL of aspirate and a pH of 2.5 as being necessary for an 
aspiration event [26]. There have since been studies on healthy, fasting patients 
indicating that many patients routinely have greater than 25 mL of gastric contents 
at a pH of less than 2.5, and there is no evidence that they are at increased risk of an 
aspiration event [27].

In reality, many surgical patients likely aspirate small quantities of clear secre-
tions during induction and emergence of anesthesia, which may cause coughing or 
brief laryngospasm. The lungs have protective mechanisms to deal with a certain 
degree of foreign material employing mucociliary transport and phagocytosis to 
clear the airways. Undoubtedly, as research experiments on animals have repeatedly 
shown, acid is destructive to delicate lung tissues, and larger volumes of aspirate 
involving food particles, blood, or blood clots can cause airway obstruction and 
interfere with oxygenation, resulting in significant morbidity.

 Pathophysiology Timeline

As early as 3 min after the aspiration of gastric contents, critical changes occur in 
pulmonary function:

• Hypercarbia.
• Elevated PIP can be seen if the patient is mechanically ventilated.
• Hypoxia that does not improve with increased FiO2 due to flooding of alveoli 

with gastric contents or the acute onset of ARDS.
• Atelectasis.
• Interstitial and alveolar edema.
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• Peribronchial hemorrhage.
• Desquamation of the bronchial epithelium.

At 4–6 h:

• Neutrophils and fibrin can be seen in the alveoli.
• Persistent hypoxia/hypoxemia.
• Cough.
• Wheezing.
• Radiographic abnormalities (edema/consolidation/fluffy infiltrates) may appear 

anytime within 24 h.
• Fever.
• Leukocytosis.
• Destruction of pneumocytes and microvasculature.
• Decreased surfactant production.

At 48 h:

• The formation of hyaline membranes can be seen.

 Lesson 5: Operating Team Dynamics

The operating room, being a “high-stakes environment,” requires a group of health-
care professionals and technicians with varied training, skill sets, and experience to 
come together to seamlessly care for a surgical patient. Most of us who have spent 
time in the operating room have undoubtedly witnessed examples of both success-
ful, harmonious teamwork and dysfunctional team dynamics. The factors contribut-
ing to optimal teamwork are multifaceted and are often not under the control of any 
one individual in the group.

Teams themselves are often temporary and dynamic throughout the day in a 
given operating room suite. Nurses and anesthesiologists are at various times 
throughout the day relieved for breaks, radiology technicians and neuromonitoring 
staff may change during the course of an operation, and the surgeons and surgeon’s 
assistants may also switch out from one surgery to the next. Individuals are expected 
to adapt to a constantly changing team. In large teaching institutions, all members 
of a team may not necessarily know one another by name, and at times there may be 
confusion as to the role of each individual (e.g., a surgical fellow may be confused 
with the surgeon’s physician assistant, or the medical student may be confused with 
the anesthesia resident) in the operating room.

Training on effective communication and basic teamwork skills are infrequently 
a part of the formal education of the technicians, nurses, and physicians comprising 
a particular team caring for a surgical patient but are doubtless essential for optimal 
patient care. Furthermore, the traditionally hierarchical nature of medicine and the 
power relationships that exist in the operating room can affect team performance 
and lead to conflict and miscommunication.
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Leadership is an essential component of effective teamwork. By default, the 
leader of the operating room team has historically been the surgeon. However, in 
this patient scenario, it was critical for the anesthesiologist to assume a leadership 
role and quickly diagnose, treat, delegate tasks, and communicate effectively with 
all members of the surgical team. The anesthesiologist was facing severe difficulty 
in ventilating the patient. Although several maneuvers were done to attempt to 
improve ventilation, resolution of the problem required the surgeons to quickly 
open the abdomen in order to relieve pressure against the diaphragm. This required 
full attention from the entire operating room team and clear communication on the 
part of the anesthesiologist.

It is important for both the anesthesiologist and the surgeon to understand the 
physiologic challenges in delivering anesthesia and ventilating a patient with 
ACS. While the surgeon is often focused on safely performing the surgical proce-
dure at hand, the anesthesiologist is working to deliver favorable surgical conditions 
while simultaneously keeping the patient safe and supporting all vital organs. ACS 
presents a rare instance where the surgeon’s procedure may actually make the con-
ditions for delivering anesthesia and adequate ventilatory support more favorable. 
In fact, in cases of severe ACS, it might be nearly impossible, despite deploying an 
array of maneuvers, to deliver sufficient, life-sustaining ventilation until surgical 
decompression occurs. With a sound understanding of the physiologic challenges of 
ACS, working in cooperation with clear communication, anesthesiologists and sur-
geons can implement safe and effective decompressive laparotomies.
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Chapter 5
Massive Pulmonary Hemorrhage During 
Pulmonary Thromboendarterectomy

Ryan Suda and Gerard R. Manecke

 Introduction

Pulmonary hemorrhage is rare, but it does occur during certain surgeries, and severe 
cases can be life-threatening. The management of pulmonary hemorrhage is chal-
lenging, often requiring advanced techniques and equipment. In this chapter, a case 
of massive pulmonary hemorrhage following cardiopulmonary bypass in a patient 
undergoing pulmonary thromboendarterectomy is presented. Diagnosis, physio-
logic perturbations, management of coagulopathy, and therapies, ranging from non-
invasive to invasive, will be discussed.

 Case Presentation

The patient is a 60-year-old man with past medical history of chronic thromboem-
bolic pulmonary hypertension with NYHA class 3, chronic obstructive pulmonary 
disease, and hypercoagulable state secondary to a prothrombin gene mutation. He 
was scheduled for an elective pulmonary thromboendarterectomy. The patient had 
an inferior vena cava filter and was chronically receiving warfarin since his initial 
diagnosis of hypercoagulability but was appropriately bridged with enoxaparin in 
anticipation of his surgery. The patient’s preoperative evaluation included an echo-
cardiogram, right heart catheterization, and pulmonary angiogram. Pertinent find-
ings included signs of right heart failure with a severely enlarged right ventricle 
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with severely depressed function, abnormal septal motion with elevated right ven-
tricular systolic and diastolic pressures, mild tricuspid regurgitation, and severe pul-
monary hypertension with evidence of proximal and distal thromboembolic disease 
in the pulmonary vessels bilaterally. Laboratory studies were notable for a platelet 
count of 119,000, international normalized ratio (INR) of 1.3, and activated partial 
thromboplastin time (aPTT) of 39.8  s. On physical examination, the patient was 
6’4”, 310 lbs, with a body mass index (BMI) of 38, favorable airway, and 2+ pitting 
edema bilaterally in the lower extremities.

On the morning of surgery, a pre-induction radial arterial line was placed, anes-
thesia was induced, and the trachea was intubated uneventfully with an 8.0 endotra-
cheal tube (ETT). A Cordis and pulmonary artery catheter were placed easily under 
ultrasound guidance in the right internal jugular vein. Additionally, a transesophageal 
echocardiography probe was inserted. The pre-cardiopulmonary bypass (CPB) 
course was uneventful, and bypass was initiated smoothly. The patient was cooled to 
18 °C. Deep hypothermic circulatory arrest was first instituted for 20 min for the 
endarterectomy of the left pulmonary arterial tree. This was followed by 5 min for 
endarterectomy on the right, with 10 min of CPB between the two arrests. The patient 
was then gradually rewarmed to 36 °C, and perfusion machine flows were reduced in 
preparation to separate from CPB.  However, after initial separation from bypass, 
blood was seen coming out of the ETT and persisted despite suction via ETT suction 
catheter. CPB was immediately reinstituted, and diagnostic flexible fiberoptic bron-
choscopy revealed steady hemorrhage in the bronchus intermedius, likely originating 
from the right middle or lower lobe (Lesson I). The 8.0 ETT was exchanged over an 
airway exchange catheter under direct laryngoscopy for a 9.0 ETT, in anticipation of 
bronchial blocker placement, and positive end-expiration pressure (PEEP) was 
increased to 10  cm H2O (Lesson IV). A 9 Fr Fuji Uniblocker (Fuji Systems 
Corporation, Tokyo, Japan) was placed into the bronchus intermedius with success-
ful isolation of the pulmonary hemorrhage (Lesson V). Protamine was given after 
successful separation from CPB to reverse systemic heparinization. Platelets were 
administered to treat any functional thrombocytopenia, and fresh frozen plasma was 
given for any clotting factor deficiency, while the surgeons closed the chest (Lesson 
III). However, despite aggressive ventilation strategies and therapeutic bronchos-
copy to clear patent airways, oxygenation and ventilation were still inadequate, likely 
secondary to significant intrapulmonary shunt (Lesson II). Inhaled nitric oxide was 
trialed without success. A coordinated decision with the cardiothoracic surgeon was 
made to initiate veno-venous extracorporeal membrane oxygenation (ECMO) due to 
the worsening oxygenation, respiratory acidosis, and pulmonary hypertension 
(Lesson VI). A Cordis and triple-lumen catheter were placed in the left internal jugu-
lar vein under ultrasound guidance for administration of inotropic and vasoactive 
infusions. The right Cordis was exchanged over a wire for a 27 Fr Avalon Elite ® 
bicaval dual-lumen ECMO cannula (Maquet, Wayne, N.J.) under transesophageal 
echocardiography guidance. Oxygenation and respiratory acidosis improved on min-
imal ECMO settings. The patient was transported successfully to the cardiovascular 
intensive care unit (ICU). The ICU course was complicated by multi-organ failure 
requiring escalating vasopressor and inotropic support, continuous renal replacement 
therapy, and blood product transfusions. The patient expired on post-op day 2.
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 Lesson I: How Do You Diagnose the Etiology and Source 
of Pulmonary Hemorrhage?

 Lesson I-A: What Are the Causes of Pulmonary Hemorrhage?

Massive pulmonary hemorrhage is a life-threatening emergency defined by severe, 
acute bleeding from the lung. Pulmonary hemorrhage may present as a medical 
emergency where an anesthesia provider is consulted to assist in airway management 
or occur during a procedure where they are the primary provider (surgery, pulmonary 
artery catheterization, airway management). There are numerous etiologies of pul-
monary hemorrhage (Table 5.1). However, the incidence is quite rare, occurring in 
less than 1% of anesthetics. Ongoing pulmonary hemorrhage is very rare because it 
either resolves spontaneously, it is treated successfully, or the patient expires [1].

The patient undergoing pulmonary thromboendarterectomy is at greatest risk for 
direct vessel trauma from disruption/perforation of the pulmonary artery during a 
challenging endarterectomy. The cardiothoracic surgeon must identify the optimal 
plane to dissect the pulmonary artery. If the surgeon dissects too deeply into the 
vessel wall, there is a greater risk of pulmonary hemorrhage; if dissection is too 
superficial, the clot will break proximally, leaving distally compromised pulmonary 
blood flow and risk for recurrence of chronic thromboembolic pulmonary hyperten-
sion. Friability of the vessels, advanced age, and presence of residual pulmonary 
hypertension likely exacerbate the risk for bleeding [2].

 Lesson I-B: What Is the Anatomy of the Tracheobronchial Tree?

A thorough understanding of tracheobronchial tree anatomy is essential in diagnos-
ing and treating pulmonary hemorrhage. Complete knowledge of tracheobronchial 
anatomy is a key factor in determining optimal position of lung isolation devices 
[3], which will be discussed in Lesson V. The trachea is a fibromuscular tube on 
average 10–12 cm in length with an average outer diameter of 19–22 mm. The adult 
trachea is lined with 16–22 C-shaped cartilaginous rings, which reinforce the 

Table 5.1 Causes of massive pulmonary hemorrhage

Bronchiectasis
Bronchogenic carcinoma (large, centrally located, squamous cell carcinoma)
Hydrostatic gradient bleeding (negative pressure in airway obstruction, severe acute pulmonary 
hypertension)
Idiopathic pneumonia syndrome after bone marrow transplantation
Immunologic lung disease (Goodpasture’s syndrome, granulomatosis with polyangiitis, systemic 
lupus erythematosus)
Pulmonary arteriovenous malformations
Pulmonary emboli (septic, post-anticoagulant, or thrombolytic agent)
Pulmonary infection (tuberculosis [Rasmussen’s aneurysm], fungal infection, abscesses)
Pulmonary vessel trauma (thoracic trauma, pulmonary artery rupture)
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anterior and lateral walls to prevent airway collapse. The trachea terminates at the 
carina where it gives rise to the right and left mainstem bronchi. The right main 
bronchus is 1.5–2 cm in length, has a larger diameter (14–17 mm), and branches 
from the trachea at a more vertical (~25°) angle compared to the left main bronchus, 
which is longer (4.5–5 cm), is smaller in diameter (~12 mm), and leaves the trachea 
at a ~45° angle. After the posterior takeoff of the right upper lobe bronchus, the 
airway continues as the bronchus intermedius, it gives off the right middle lobe 
bronchus anteriorly and continues as the right lower lobe bronchus [4] (Fig. 5.1).
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Fig. 5.1 Tracheal 
anatomy for 170 cm 
individual. (Modified from 
Minnich et al. [6]. With 
permission from Elsevier)
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Each lung is divided into ten bronchopulmonary segments (Fig. 5.2a), each with 
a tertiary bronchus supplying a portion of the lung (Fig. 5.2b). The right upper lobe 
is comprised of the apical, posterior, and anterior segments (numbered 1–3). The 
right middle lobe is comprised of lateral and medial segments (numbered 4–5). The 
right lower lobe is comprised of the superior, medial basal, anterior basal, lateral 
basal, and posterior basal segments (numbered 6–10). The left upper lobe is com-
prised of the apico-posterior, anterior, superior lingular, and inferior lingular seg-
ments (numbered 1+2, 3–5). The left lower lobe is comprised of the superior basal, 
anteromedial basal, lateral basal, and posterior basal segments (numbered 6, 7+8, 
9–10) [4].

Knowledge of the bronchopulmonary segments allows for clear, concise com-
munication of the hemorrhage location between the anesthesia provider and consul-
tant. Familiarity with tracheobronchial anatomy hastens lung isolation strategies to 
maximize preservation of healthy lung areas.

Fig. 5.2 (a) Bronchopulmonary segments, anterior view. The numbers correspond to specific seg-
mental bronchi. Right side: 1 = apical, 2 = posterior, 3 = anterior, 4 = lateral, 5 = medial, 6 = 
superior, medial basal, 7 = anterior basal, 8 = lateral basal, and 9 = posterior basal. Left side: 1+2 
= apico-posterior, 3 = anterior, 4 = superior lingular, 5 = inferior lingular, 6 = superior basal, 7+8 
= antero-medial basal, 9 = lateral basal, and 10 = posterior basal. (b) Topography of the lung dem-
onstrating the lobes, segments, and fissures. (Reprinted from Cloutier and Thrall [47]. With per-
mission from Elsevier)
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 Lesson I-C: What Is the Blood Supply to the Lungs?

A thorough understanding of the blood supply to the lungs is essential in diagnosing 
and treating pulmonary hemorrhage. The lung is supplied by blood from the pulmo-
nary and bronchial arteries. The pulmonary circulation facilitates gas exchange of 
mixed venous blood to provide metabolic and oxygen requirements for the alveolar 
parenchyma and systemic circulation. The bronchial arteries supply oxygenated 
blood to the conductive airways and connective tissues of the lung [5]. There are 
typically three bronchial arteries consisting of the superior, middle, and inferior 
(Fig. 5.3). While there is great variation in bronchial arterial anatomy, one right- 
sided aortic branch most often supplies the right mainstem bronchus, and the two 
left-sided aortic branches most often supply the left mainstem bronchus (Fig. 5.4) 
[6]. The bronchial arteries travel and divide with the branching bronchi down to the 
respiratory bronchioles where they anastomose with the pulmonary arteries. Each 
bronchopulmonary segment has its own pulmonary and bronchial artery blood sup-
ply (Fig. 5.5).

During pulmonary hemorrhage, blood is first apparent in the airway or endotra-
cheal tube (ETT). Dark blood usually indicates bleeding from the pulmonary artery, 
while bright red blood usually indicates bronchial (systemic) arterial bleeding [1]. 
Knowledge of the blood supply to the lungs and airways can expedite the location 
and treatment of pulmonary hemorrhage.

 Lesson I-D: How Do You Perform a Complete Flexible 
Fiberoptic Bronchoscopy Exam?

Flexible fiberoptic bronchoscopy is an invaluable skill required for the management 
of pulmonary hemorrhage. The standard adult fiberoptic bronchoscope has a 5.7 mm 
external diameter with a 2 mm suction channel and requires a 7 mm or greater ETT 
if such tube is to be used as a conduit [7]. The fiberoptic bronchoscope should be 
inserted through the largest ETT safely achievable to minimize the decreased cross- 
sectional area available for ventilating the patient. PEEP is created when the fiberop-
tic bronchoscope is passed through an ETT, so it should be discontinued prior to 
bronchoscope insertion. A fiberoptic bronchoscope swivel adapter with a self- sealing 
valve is used to facilitate simultaneous ventilation and bronchoscope manipulation.

A thorough examination of the bronchopulmonary segments will correctly iden-
tify the location of hemorrhage. A systematic and complete exam includes a clear 
view of the anterior wall (tracheal cartilage) and posterior wall (membranous por-
tion) of the trachea and carina below the vocal cords. When advancing the broncho-
scope through the right mainstem bronchus, there is a clear view of the bronchus 
intermedius with the orifice of the right upper bronchus at the 3 o’clock position. 
Viewing inside the right upper bronchus reveals the only structure in the tracheo-
bronchial tree with three orifices: apical, anterior, and posterior segments. Viewing 
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Fig. 5.3 (a) Tracheal and bronchial blood supply, left anterior view. (b) Tracheal and bronchial 
blood supply, right anterior view. (Modified from Minnich et  al. [6]. With permission from 
Elsevier)
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the bronchus intermedius distally exposes the right middle and lower lobe bronchi. 
The bronchoscope is then withdrawn until the tracheal carina is visualized and then 
advanced into the left mainstem bronchus. The left mainstem bronchus bifurcates 
into the left upper lobe and lingula superiorly and lower lobe inferiorly [4].
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Fig. 5.4 Principal patterns of bronchial artery supply to the trachea and bronchi. Not shown in 
these diagrams are the proximal portion of the superior bronchial artery, which courses anteriorly 
over the left main bronchus to carina, and the middle bronchial branch passing beneath the left 
main bronchus to carinal anastomosis. (Modified from Minnich et al. [6]. With permission from 
Elsevier)
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If bleeding is recognized before separation from cardiopulmonary bypass, allowing 
the heart to briefly eject with the bleeding area under direct visualization with fiberoptic 
bronchoscopy can establish the hemorrhagic location. The type of lung isolation tech-
nique will depend on the level and number of segmental involvement. The goal is to 
isolate the affected segment(s) to prevent spilling of blood into other segments, which 
will cause further impairment of ventilation and gas exchange [8]. The choice between 
bronchial blockade and double-lumen tube placement will be discussed in Lesson V.

 Lesson II: What Are the Physiologic Perturbations 
Due to Pulmonary Hemorrhage?

 Lesson II-A: How Is Ventilation Affected by Pulmonary 
Hemorrhage?

Ventilation is the movement of gas between the environment and the lungs via inha-
lation and exhalation. Pulmonary hemorrhage fills the airways with blood, making 
the movement of gas more difficult and sometimes impossible. As blood fills the 
airways, the functional diameter of the airway decreases causing a dramatic increase 
in airway resistance. Pulmonary hemorrhage in the upper airways is not tolerated as 
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and Thrall [47]. With permission from Elsevier)
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well compared to distal airways, which increase in total parallel pathways and total 
cross-sectional area with each generation toward the periphery. As the airway resis-
tance increases, ventilation becomes more difficult, requiring increasing positive 
pressures to achieve the same tidal volumes. Prolonged exposure to high inspiratory 
pressures can cause exacerbated lung injury, worsening ventilation and oxygen-
ation. If enough blood is introduced into the airway, the airway becomes occluded, 
with resulting distal atelectasis and intrapulmonary shunt. A pulmonary shunt 
occurs when alveoli of the lungs are perfused with blood but are unable to partici-
pate in gas exchange. Elimination of carbon dioxide is usually not affected until the 
physiologic shunt fraction exceeds 75–80% of the cardiac output [5], but oxygen-
ation is dramatically affected by shunt (Lesson II-B). The extent of hypercapnia 
depends on the site and degree of obstruction and coexisting native lung pathology.

Isolating bleeding bronchopulmonary segments to prevent further lung contami-
nation is crucial to successful ventilation and oxygenation. Suctioning blood from 
contaminated segments should be aggressively attempted to maximize airway 
patency and prevent pulmonary shunting due to atelectasis. The extent of lung 
involved in the pulmonary hemorrhage will dictate the type of isolation device, which 
will be discussed in Lesson V. If there is bilateral pulmonary hemorrhage, ventilation 
strategies are aimed at minimizing inspiratory pressures and utilizing PEEP to slow 
bleeding and maximize airway patency, which is discussed in Lesson IV.

 Lesson II-B: How Is Oxygenation Affected by Pulmonary 
Hemorrhage?

Oxygenation is the process by which oxygen is added to the body. Pulmonary hem-
orrhage impairs oxygenation primarily through atelectasis by decreasing the total 
number of available alveoli for gas exchange. Blood fills the airways impairing 
distal ventilation and transport of oxygen. Pulmonary shunting occurs due to poor 
ventilation despite adequate perfusion. The more proximal the hemorrhage, the 
greater the pulmonary shunt since all distal branching airways and alveoli will not 
be ventilated. Hypoxic pulmonary vasoconstriction is stimulated by hypoxia and 
can decrease flow to hypoventilated areas, but this response can be overwhelmed 
during massive pulmonary hemorrhage [5]. If there is bleeding into alveoli, there 
are added diffusion perturbations, which impair gas exchange.

 Lesson II-C: How Much Blood Can Be Lost During Pulmonary 
Hemorrhage?

Pulmonary hemorrhage can range in severity from minor (scant) to massive (liters) 
[2, 9]. The severity of bleeding into the airway seems to be independent of whether 
blood enters the airway via a direct communication between a branch of the pulmo-
nary or bronchial artery and its bronchus or via the parenchyma [9]. Bronchovascular 
fistulas can present as small herald bleeds, while massive bleeding can occur in the 
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absence of a demonstrable lesion in either the airway or pulmonary vessels. 
Additionally, blood can enter the pleural space or be contained in the lung paren-
chyma. The location and speed of the bleed will determine the overall blood loss. A 
very brisk hemorrhage in a location difficult to access for therapeutic measures can 
lead to massive blood loss, with the patient left to exsanguinate if untreated [1, 9]. A 
concomitant coagulopathy can worsen the blood loss and make treatment more dif-
ficult. Diagnosis and treatment of a coagulopathy are discussed in Lesson III.

Large bore intravenous (IV) access should be obtained if not already in place. 
Administration of appropriate IV fluids or blood products should be given to treat 
hypotension as inadequate pulmonary perfusion can impair oxygenation. Rapid 
infusion devices can be useful for administration of large volumes of IV fluids and 
blood products. Cardiopulmonary bypass may provide time necessary to locate the 
bleeding source but requires systemic anticoagulation.

 Lesson II-D: What Are the Effects of Blood Clots 
in the Airways?

Blood clots in the airways can minimally impact respiratory function or result in life-
threatening ventilation impairment. The most notable finding among ventilated 
patients is an acute rise in peak inspiratory pressure and a concomitant decrease in tidal 
volume. With major atelectasis, the plateau pressure is also elevated. However, if par-
tial obstruction of the airways occurs without atelectasis, the plateau pressure may be 
normal. The extent of hypoxemia and hypercapnia depends on the site and degree of 
obstruction, associated pulmonary hemorrhage, and underlying condition of the lungs.

Hemodynamic compromise from airway obstruction depends upon the severity 
and location of the obstruction. In distal obstruction patent airways with normal 
lung compliance transmit elevated airway pressures to extraparenchymal intratho-
racic regions, resulting in decreased venous return and cardiac output. In proximal 
airway obstruction, the distal pressures are normal with a distinct absence of hemo-
dynamic alterations. A notable difference in presentation may occur with a ball 
valve clot. A ball valve clot may lead to hyperinflation with risk of pneumothorax 
and hemodynamic compromise [10].

 Lesson III: How Do You Diagnose and Treat a Perioperative 
Coagulopathy?

 Lesson III-A: What Diagnostic Tests Are Useful in Treating 
a Coagulopathy?

Perioperative bleeding results from a localized pathologic process or a disorder of 
the hemostatic process, involving a complex interplay among vascular integrity, 
platelets, coagulation factors, and fibrinolysis. A cell-based model with three over-
lapping stages (initiation, amplification, propagation) (Fig.  5.6) has replaced the 
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classical coagulation cascade model (Fig. 5.7) to better represent in vivo hemostasis 
[11, 12]. However, the cascade model is still useful for understanding the in vitro 
coagulation tests (Fig. 5.8). There are numerous inherited disorders of hemostasis; 
however, this discussion will focus on the diagnostic workup of acquired disorders 
of hemostasis. Coagulation dysfunction can be broadly divided into disorders of 
hemostasis and disorders of thrombosis, although there is a small intermediate 
group that involves both [13]. It is not uncommon for patients to be on antiplatelet 
or anticoagulant medications in the perioperative period.

The plasma prothrombin time (PT) measures the functioning of the extrinsic 
and final common coagulation pathway (Figs. 5.7 and 5.8). The factors specific to 
the extrinsic pathway are tissue factor and factor VII. The factors specific to the 
 common pathway are factors X and V, prothrombin (factor II), and fibrinogen. 
The PT is more sensitive than aPTT to deficiencies in the common pathway. The 
INR is a standardization to correct for different PT instrument reagent systems. 
INR is calculated as a ratio of the patient’s PT to a control PT. PT and INR are 
useful in monitoring warfarin therapy and assessment of liver synthetic 
function.
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The aPTT measures the functioning of the intrinsic and common pathways of 
coagulation (Figs. 5.7 and 5.8). The factors specific to the intrinsic pathway are fac-
tors XI, XII, VIII, and IX. The aPTT is sensitive to inhibitors such as heparin and to 
deficiencies of all coagulation factors except factors VII and XIII. However, high 
levels of a single factor can shorten the aPTT. It is used to monitor therapy with 
unfractionated heparin and direct thrombin inhibitors.

The thrombin time (TT) measures the final step in the common pathway, the 
conversion of fibrinogen to fibrin monomers, and the formation of an initial clot by 
thrombin (Fig. 5.7). It is used to evaluate a patient with a prolonged PT and aPTT 
and for detection of heparin in a sample. Fibrin cross-linking, mediated by factor 
XIII, is not measured by this assay. The reptilase time (RT) is similar to the TT but 
uses reptilase, an enzyme derived from snake venom, which is not inhibited by 
antithrombin or the antithrombin-heparin complex. The RT is useful for detecting 
abnormalities in fibrinogen and the presence of heparin. If heparin is present, the TT 
will be prolonged, but the RT will be normal. If fibrinogen is abnormal, both the TT 
and RT will be prolonged.
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The activated whole blood clotting time (ACT) measures the time it takes the 
whole blood to clot when exposed to substances that activate the ACTcontact fac-
tors. Like the aPTT, the ACT assesses the intrinsic and common coagulation 
 pathways. The ACT is primarily used in adjusting heparin dosing during procedures 
where large doses of heparin are administered (Table 5.2).

Plasma concentrations of fibrinogen and D-dimer can be measured in plasma. 
Fibrinogen is the precursor to fibrin, the principle component of a fibrin clot. 
Abnormally low levels of fibrinogen (typically <50–100  mg/dL) can result in 
impaired clot formation and increased bleeding risk. Fibrin D-dimer is one of the 
major fibrin degradation products released upon cleavage of cross-linked fibrin by 
plasmin. Elevated concentrations of plasma D-dimer (>500 nm/mL by ELISA) indi-
cate recent or ongoing intravascular coagulation and fibrinolysis.

Thromboelastography (TEG) and rotational thromboelastometry (RoTEM) are 
global tests of hemostasis performed on whole blood, unlike the previously 
described clotting time tests, which are performed only on plasma. TEG and RoTEM 
can obtain rapid assessment of the kinetics of clot formation, strength, and dissolu-
tion as they reflect platelet function and coagulation (Figs. 5.9 and 5.10). RoTEM is 
an adaptation of TEG, and they provide essentially identical information. Variables 
of interest include reaction time (R, in seconds), clot kinetics or time from R until 
the clot reaches 20 mm (K, in seconds), angular measurement from a tangent line 
drawn to the curve of the TEG tracing starting from the point of clot reaction time 
(α), and maximum amplitude (MA, in millimeters). R is a period of time from initia-
tion of the test to the initial fibrin clot formation. K is a measure of time from the 
beginning of clot formation until the amplitude of the TEG reaches 20 mm and 
represents the dynamics of clot formation. α angle is an angle between the line in 
the middle of the TEG tracing and the line tangential to the developing “body” of 
the TEG tracing and represents the acceleration (kinetics) of fibrin buildup and 
cross-linking. MA reflects strength of a clot, which is dependent on the number and 
function of platelets and its interaction with fibrin. Other parameters measured 
include lysis at 30 min (% of clot lysed) and clot firmness (G, dynes/cm2). Tracings 
TEG and RoTEM are tests best used to assess changes in global coagulative func-
tion over time where a baseline is known and are frequently used to assess the 
response to interventions such as transfusion therapy [14]. Specific coagulopathy 
treatments will be discussed in the following section, Lesson III-B. Tracings of vari-
ous coagulation states are illustrated in Fig. 5.11.

Table 5.2 Summary of clotting time tests

Test Intrinsic pathway Extrinsic pathway Common pathway Heparin resistant

PT X X
aPTT X X
ACT X X
TT X
RT X X
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MA

K

Coagulation Fibriolysis

R

x

α

Fig. 5.9 Thromboelastography (TEG) tracing. R reaction time in seconds, K clot kinetics or time 
from R until the clot reaches 20 mm in seconds, α angular measurement from a tangent line drawn 
to the curve of the TEG tracing starting from the point of clot reaction time in degrees, MA maxi-
mum amplitude in millimeters. (Reprinted from Trapani [14]. With permission from Scientific 
Research)

Clot formation

Rate of clot formation
(α, k, CFT)

Clot time
(r, CT)

Rate of clot lysis
(LYxx, CLxx)

Clot lysis

Maximum
Clot
Strenght
(MA, MCF)

Fig. 5.10 Rotational thromboelastometry tracing. R reaction time in seconds, K clot kinetics or 
time from R until the clot reaches 20 mm in seconds, α angular measurement from a tangent line 
drawn to the curve of the TEG tracing starting from the point of clot reaction time in degrees, MA 
maximum amplitude in millimeters, CFT clot formation time, MCF maximal clot firmness, CT 
clot time. (Reprinted from Luddington [48]. With permission from Elsevier)
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Normal trace

Hyper-coagulable
trace
Shortened r-time/CT
Increased α angle & k

Hyper-fibrinolytic
trace
Prolonged r-time/CT
Decreased α angle & k
Decreased MA/MCF

Hyper-coagulable
trace
Prolonged r-time/CT
Decreased α angle & k
Decreased MA/MCF

Fig. 5.11 Examples of abnormal rotational thromboelastometry tracings. R reaction time in sec-
onds, K clot kinetics or time from R until the clot reaches 20 mm in seconds, α angular measure-
ment from a tangent line drawn to the curve of the TEG tracing starting from the point of clot 
reaction time in degrees, MA maximum amplitude in millimeters, CFT clot formation time, MCF 
maximal clot firmness, CT clot time. (Reprinted from Luddington [48]. With permission from 
Elsevier)

Platelets play a key role in both hemostasis and thrombosis. An adequate num-
ber of platelets are required for hemostasis, but the minimum number is not clear. 
Equally important are adequately functioning platelets. A simple complete blood 
count (CBC) will usually give a good estimate of the number of platelets avail-
able. There are various types of platelet function tests, and they differ with regard 
to the underlying principle (static vs dynamic), agonists, and sample material 
used for testing. Dynamic tests (viscoelastic and agonist response) are more 
reflective of platelet function over time [15]. The first test of platelet function was 
the bleeding time, which was invasive, insensitive, and time-consuming but did 
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not require expensive equipment. Platelet aggregometry is the gold standard and 
involves testing whole blood or platelet-rich plasma with a number of different 
agonists. It is still a widely used test, but it requires trained personnel, transport to 
a laboratory for processing, and, ideally, testing within 2 h of blood draw [16]. 
There are a number of newer platelet function tests with point-of-care capabilities 
such as the Platelet Function Analyzer (PFA-100®) (Siemens Healthcare, 
Marburg, Germany), VerifyNow ® system (Accriva Diagnostics, San Diego, CA), 
Plateletworks ® (Helena Laboratories, Beaumont, USA), TEG ® with Platelet 
Mapping ® Assay (TEG; Haemoscope, Niles, USA), and the Cone and Plate(let) 
Analyzer (Diamed, Cressier, Switzerland) [15]. The capability to perform rapid 
bedside platelet analysis enables the provider to initiate appropriate targeted 
therapy.

 Lesson III-B: What Blood Products Should Be Administered?

Perioperative treatment of excessive bleeding involves the transfusion of red blood 
cells (RBC), fresh frozen plasma (FFP), cryoprecipitate, and platelets. In February 
2015, the American Society of Anesthesiologists (ASA) Task Force on Perioperative 
Blood Management released guidelines for perioperative blood management [17]. 
A restrictive RBC transfusion strategy should be followed, but the determination of 
whether hemoglobin concentrations between 6 and 10 g/dl justify or require RBC 
transfusion should be based on potential or actual ongoing bleeding (rate and mag-
nitude), intravascular volume status, signs of organ ischemia, and adequacy of car-
diopulmonary reserve. RBC should be administered unit by unit with interval 
reassessment whenever possible.

FFP should be administered for correction of excessive microvascular bleeding 
in the presence of an INR greater than 2.0 in the absence of heparin. Transfusion of 
FFP is also appropriate for excessive microvascular bleeding secondary to coagula-
tion factor deficiency in patients transfused with more than one blood volume 
(approximately 70 ml/kg) and when PT or INR and aPTT cannot be obtained in a 
timely fashion. Additionally, FFP should be transfused for urgent reversal of warfa-
rin therapy when prothrombin complex concentrates (PCC) are not available and 
correction of known coagulation factor deficiencies for which specific concentrates 
are unavailable. FFP administration should be in doses calculated to achieve a mini-
mum of 30% of plasma factor concentration. When possible, coagulation tests (PT, 
INR, aPTT) should be obtained prior to FFP transfusion.

Cryoprecipitate should be administered when a test of fibrinogen activity indi-
cates a fibrinolysis, when the fibrinogen concentration is less than 80–100 mg/dl in 
the presence of excessive bleeding, and as an adjunct in massively transfused 
patients when fibrinogen concentrations cannot be measured in a timely fashion. 
Fibrinogen levels should be assessed prior to fibrinogen administration when 
possible.
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Platelet transfusion may be indicated despite an apparently adequate platelet 
count or in the absence of a platelet count if there is known or suspected platelet 
dysfunction (presence of potent antiplatelet agents, cardiopulmonary bypass, con-
genital platelet dysfunction, and bleeding). When possible, a platelet count, and 
platelet function test if there is concern for platelet dysfunction (inherited, acquired, 
or drug-induced), should be obtained prior to transfusion.

Excessive bleeding may require pharmacologic treatment when blood product 
administration is insufficient to obtain hemostasis. Desmopressin 0.3 mcg/kg (in 
50 mL of saline over 15–30 min) IV may be used in patients with excessive bleeding 
and platelet dysfunction. Improvement in bleeding is seen in 1 h and lasts for 4–8 h, 
but tachyphylaxis usually develops after the second dose. Consider topical hemo-
statics such as fibrin glue or thrombin gel. Use of antifibrinolytics (ɛ-aminocaproic 
acid, tranexamic acid) should be considered if fibrinolysis is documented or sus-
pected and if these agents are not already being used. ɛ-Aminocaproic acid 4–5 g IV 
during the first hour may be used, followed by 1 g/h for 8 h or until the bleeding 
improves. Alternatively, tranexamic acid 1000 mg IV over 10 min may be used, fol-
lowed by 1000 mg over the next 8 h. PCCs may be used in patients with excessive 
bleeding and increased INR. In four-factor PCC, or three-factor PCC if four-factor 
PCC is unavailable, 1500–2000 international units IV infused at 100 international 
units per minute may be given to target an INR less than 1.4. Vitamin K 10 mg IV 
infused at 1 mg per minute should also be given if PCC is administered for exces-
sive bleeding with an elevated INR [18].

 Lesson III-C: When Should Recombinant Factor VII 
Be Administered?

Recombinant factor VIIa (rFVIIa) is an initiator of thrombin generation FDA 
approved for use in individuals with hemophilia who have antibody inhibitors to 
coagulation factors VIII or IX, patients with acquired hemophilia, and those with 
congenital factor VII deficiency. Currently, there is no widely accepted guideline for 
off-label rFVIIa usage in bleeding patients. It is often used off-label as a rescue ther-
apy when transfusion and other approaches to hemostasis have failed. There are anec-
dotal reports of the successful use of rFVIIa in patients with pulmonary hemorrhage 
following a variety of insults, including pneumonia, hematopoietic cell transplant, 
metastatic choriocarcinoma, and microscopic polyangiitis [19–23]. According to the 
ASA Task Force on Perioperative Blood Management, rFVIIa should be considered 
when traditional options for treating excessive bleeding due to coagulopathy have 
been exhausted. Dosing should be proportionate to the degree of hemostatic impair-
ment and be given before hypothermia and acidosis impair effectiveness of the coag-
ulation system. An initial dose of 90 mcg/kg IV may be appropriate if the patient is 
truly coagulopathic and the degree of impairment is severe, but few will present with 
the degree of impairment seen in hemophilia, and a lower dose should be 
considered.
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 Lesson IV: What Noninvasive Therapies Are Available  
to Treat Pulmonary Hemorrhage?

 Lesson IV-A: What Ventilator Adjustments Can Be Made 
to Optimize Ventilation and Oxygenation?

PEEP is routinely used during mechanical ventilation to prevent end-expiratory 
alveolar collapse and may reduce the incidence of ventilator-associated pneumonia 
and lung injury. During instances of pulmonary hemorrhage, PEEP is a noninvasive 
treatment that can help tamponade the airway bleeding [2, 9]. The increased end- 
expiratory pressure can slow bleeding and prevent alveolar collapse thus improving 
ventilation and oxygenation. However, if airway pressure exceeds the pressure in 
the pulmonary vessel, air can enter the circulation leading to varying degrees of air 
embolism [9]. While the lung is usually a good filter for air, this function can be 
exhausted with increasing quantities of air. Lung protective ventilation strategies 
utilizing lower tidal volumes, increased PEEP, and inverse ratio ventilation can help 
in preventing further lung injury [24, 25].

 Lesson IV-B: Should Topical Vasoconstrictors Be Administered 
to the Airway?

Topical vasoconstrictors can be given through the ETT or locally via the fiberoptic 
bronchoscope. Topical administration of vasopressin 20 mL (2 units per mL), phen-
ylephrine 20 mL (100 mcg per mL), or epinephrine 20 mL (5 mcg per mL) may 
decrease blood flow to hemorrhagic blood vessels and help decrease airway bleed-
ing [2]. Fiberoptic bronchoscopy can more precisely direct the vasoconstrictor 
administration and is the preferred method if available.

 Lesson V: What Options Are Available for Endobronchial 
Lung Isolation?

 Lesson V-A: What Is a Bronchial Blocker, and How Is It Useful 
During Pulmonary Hemorrhage?

A bronchial blocker is a device inserted through an ETT and into a mainstem or 
segmental bronchus to block distal ventilation. During pulmonary hemorrhage, they 
are used to isolate bleeding lung segments and prevent contamination of healthy 
lung areas. The use of bronchial blockers to provide lung isolation has grown in 
recent years, and it is the preferred technique for lung isolation during airway 
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bleeding [2, 8]. The two main goals during the management of pulmonary hemor-
rhage are to prevent exsanguination and to maintain adequate gas exchange. A gen-
eral algorithm for the approach to post-cardiopulmonary bypass pulmonary 
hemorrhage is illustrated in Fig.  5.12. If adequate hemodynamic status and gas 
exchange can be maintained, previously discussed conservative management tech-
niques consisting of ventilator maneuvers, topical vasoconstrictors, and correction 
of coagulopathies can be implemented [2]. When significant airway bleeding 
occurs, an attempt is made to isolate the bleeding segment to prevent spillage of 
blood into other segments, preserving further impairment of ventilation and oxy-
genation. If airway bleeding is recognized prior to separation from cardiopulmo-
nary bypass, allowing the heart to briefly eject while directly visualizing the 
suspected bleeding area using fiberoptic bronchoscopy can identify the hemorrhagic 
location [8]. If not, cardiopulmonary bypass should be resumed, and the bleeding 
source must be identified via diagnostic bronchoscopy [2]. Lung isolation can be 
useful in unilateral bleeding, with segmental or lobar endobronchial blockade being 
ideal to preserve maximal lung parenchyma for gas exchange [3]. Using the largest 
single-lumen ETT facilitates easy passage and advancement of the blocker and flex-
ible fiberoptic bronchoscope [26]. All bronchial blockers and the flexible fiberoptic 
bronchoscope need to be tested and liberally lubricated prior to insertion into the 
airway.

Pulmonary Hemorrhage Upon Separation from CPB

Massive, Impaired Gas Exchange & Ventilation

Reinstitute CPB

Fiberoptic Bronchoscopy: Identify Source(S)

Bilateral

PEEP
Topical Vasoconstrictor
Correct Coagulopathy

Separate from CPB

unsuccessful

ECMO

Lung Protective Ventilation Bronchial/Segmental Blockade

Consider Lung Resection
IR Embolization

Balloon Occlusion

Consider Lung Resection
IR Embolization

Balloon Occlusion

unsuccessful

Separate from CPB

Bronchial/Segmental Blockade
Topical Vasoconstrictor

Surgical Repair, if possible

Unilateral

Bilateral Unilateral

Fiberoptic Bronchoscopy: Identify Source(S)

problem persists or no CPB option

Continue Management
Pulmonary Artery Pressure Optimization (avoid light anesthesia, hypercarbia, hypoxia)

If PAP increases consider milrinone, iNO, inhaled iAP

situation worsens

PEEP
Topical Vasoconstrictor
Correct Coagulopathy

situation improves or stable

Moderate, Unimpaired Gas Exchange & Ventilation

Fig. 5.12 A general algorithm for the approach to post-cardiopulmonary bypass (CPB) pulmo-
nary hemorrhage [6]. PEEP positive end-expiratory pressure, iNO inhaled nitric oxide, iAP inhaled 
aerosolized prostacyclin, PAP positive airway pressure
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Table 5.3 Specifications of commonly used bronchial blockers. SLET, single-lumen endotracheal 
tube

Arndt blocker
Cohen 
blocker

Fuji 
uniblocker EZ-blocker

Size 5F, 7F, and 9F 9F 4.5F, 9F 7F
Balloon shape Spherical or elliptical Spherical Spherical Spherical × 2
Guidance mechanism Nylon wire loop that is 

coupled with the 
fiberoptic bronchoscope

Wheel device 
to deflect the 
tip

None, 
preshaped tip

None

Smallest 
recommended *SLET 
for coaxial use

5F (4.5 SLET), 7F (7.0 
SLET), 9F (8.0 SLET)

9F (8.0 
SLET)

9F (8.0 
SLET)

7.5

Murphy eye Present in 9F Present Not present Not present
Central Channel 1.4 mm internal diameter 1.6 mm 

internal 
diameter

2.0 mm 
internal 
diameter

1.4 mm 
internal 
diameter

Based on data from Ref. [26]

a b c d

Fig. 5.13 Commonly used bronchial blockers. (a) The distal tip of an Arndt Blocker. (b) The 
Cohen Flexitip Blocker. (c) The Fuji Uniblocker. (d) The EZ-Blocker with a bifurcated distal tip 
with a balloon in each end, through a single-lumen endotracheal tube. (Reprinted from Campos 
[26]. With permission from Javier H. Campos)

The specific features of the individual bronchial blockers in current use may 
impact the relative utility of using one of these devices (Table 5.3). The bronchial 
blockers currently receiving the greatest usage are the Arndt Endobronchial Blocker 
(Cook, Bloomington, IN), the Cohen Flexitip (Cook, Bloomington, IN), the 
Uniblocker (Fuji Systems, Tokyo, Japan), and the Rusch EZ-Blocker (Teleflex 
Medical Incorporated, Research Triangle Park, NC) (Fig. 5.13) [27]. The adult size is 
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9 Fr for all bronchial blockers, but the EZ-Blocker only comes in 7 Fr. The Arndt 
Blocker requires multiple steps for proper placement making it somewhat cumber-
some to use. A disadvantage of the Arndt Blocker is the distal tip of the blocker is not 
seen when the guide wire is coupled with the fiberoptic bronchoscope because the 
fiberoptic bronchoscope is emerging farther than the tip of the blocker. The Cohen 
Flexitip has a wheel at the operator end that, when turned, flexes the tip toward an 
arrow inscribed near the blocker tip. The Uniblocker comes preinserted through a 
multiport connector and has a bent tip that is simply turned toward the side to be 
blocked. The EZ-Blocker has a Y-shaped distal end with one blocker for each bron-
chus giving it the advantage of being able to be placed blindly if a fiberoptic broncho-
scope is not available or if visualization proves difficult. The tip of the Cohen, Fuji 
Uniblocker, and EZ-Blocker can be observed and deflected into a desired target bron-
chus during bronchial blocker passage through the single-lumen ETT while using the 
fiberoptic bronchoscope [27].

For a right mainstem bronchus blockade, all blockers can be advanced indepen-
dently, and confirmation on the entrance into the right mainstem bronchus is done 
with fiberoptic visualization. Optimal placement in the right bronchus is achieved 
when the outer surface of the blocker’s balloon is seen with the fiberoptic broncho-
scope at least 1 cm below the tracheal carina in the right bronchus, and a proper seal 
is obtained when the balloon is inflated with air (Fig. 5.14). For a left-sided mainstem 
bronchus blockade, the Arndt Blocker has the advantage of coupling with the fiber-
optic bronchoscope via the guide wire to direct the blocker into the left bronchus 
entrance. For the other blockers (Cohen Flexitip, Fuji Uniblocker, and EZ-Blocker), 
turning the patient’s head to the right and twisting the torque part of the blocker 
facilitate insertion into the left bronchus. The optimal position in the left bronchus is 
achieved when the outer surface of the blocker’s balloon is seen with the fiberoptic 
bronchoscope at least 1  cm below the tracheal carina in the left bronchus, and a 
proper seal is obtained when the balloon is inflated with air. Optimal position for 
selective segmental bronchial blockade may be accomplished using similar tech-
niques as described above [3]. The major complication arising from bronchial blocker 
use during pulmonary hemorrhage pertains to malposition from dislodgement [26].

 Lesson V-B: What Is a Double-Lumen Endobronchial Tube, 
and How Is It Useful During Pulmonary Hemorrhage?

A double-lumen endobronchial tube (DLT) is a large tube constructed with two 
lumens of unequal length fixed side by side. The shorter tube ends above the carina 
in the trachea, while the longer tube is placed in either the left or right mainstem 
bronchus to selectively isolate and ventilate the patient’s lungs. Lung isolation is 
essential for the successful management of pulmonary hemorrhage. When uncon-
trolled unilateral airway bleeding begins to encroach on the contralateral lung, 
placement of a DLT may be warranted. DLTs can be safely, easily, quickly, and 
accurately placed to provide the necessary lung isolation to facilitate the control of 
pulmonary hemorrhage. The large lumens of a DLT allow either lung to be 
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suctioned at any time during the procedure without interrupting ventilation to the 
nonoperated lung, albeit with a smaller (pediatric/intubating) fiberoptic broncho-
scope [28]. DLTs have the disadvantages of not allowing placement of a large bron-
choscope with superior suction capabilities, potential placement difficulty in the 
setting of a bleeding airway, and safety concerns about exchanging it with a single-
lumen tube at the conclusion of the procedure [8].

a
9 F

FOB 4.2 mm

b

a b

Fig. 5.14 Schematic for bronchial blockade using the Arndt Blocker. (a) Placement of an Arndt 
Blocker through a single-lumen endotracheal tube with the fiberoptic bronchoscope advanced 
through the guide wire loop. (b) Optimal position of a bronchial blocker in the right or left main-
stem bronchus as seen with a fiberoptic bronchoscope. (a) Right mainstem blocker. (b) Left main-
stem blocker. (Reprinted from Campos [49]. With permission from Medpharm Publications (Pty) 
Ltd.)
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Various algorithms based on patient gender and height, or radiologically mea-
sured bronchial size, have been proposed for choosing the appropriate sized tube, 
but there is no consensus on the best method (Tables 5.4 and 5.5). Clinically, an 
appropriate size DLT should result in an air leak when the bronchial cuff is deflated 
but be airtight when the cuff is inflated with a volume of less than 3 mL [30].

It is more common to place a DLT into the left mainstem bronchus, as it is longer 
than the right mainstem bronchus, creating a greater margin of safety (Fig. 5.15) 
[31]. DLTs are specifically designed for use on either the right or left, and care 
should be taken to assure the correct “side” DLT is used for the intended endobron-
chial intubation. Under direct laryngoscopy, the endobronchial tip is inserted 
through the vocal cords, the stylet removed, and the left DLT rotated 90 degrees 
counterclockwise while being advanced. Fiberoptic bronchoscopy can guide initial 
placement of DLTs; however, a blind insertion technique is more commonly used, 
with fiberoptic confirmation of the proper placement following [32]. Regardless of 
insertion method, the routine use of fiberoptic bronchoscopy to confirm optimal left 
DLT placement is recommended and mandatory for right DLT placement [4]. The 
optimal placement for a left DLT is with the tube inserted, so the upper edge of the 
bronchial cuff is 1 cm beyond the carina in the left mainstem bronchus (Fig. 5.16). 
The optimal placement for a right DLT is with the tube inserted, so the bronchial 
side orifice of the DLT is aligned with the right upper lobe bronchus (Fig. 5.17) [33]. 
The major complications related to DLT use during pulmonary hemorrhage pertain 
to malposition. Traumatic laryngitis can occur, while tracheobronchial tree disrup-
tion is rare.

Table 5.4 Selection of 
double-lumen tube size based 
on sex and height

Sex Height (cm) DLT size (Fr)

Male >170 41
160–170 39
<160 37 or 39

Female >160 37
150–160 35
<160 32 or 35

Based on data from Ref. [29]

Table 5.5 Selection of double-lumen tube size based on bronchial diameter

Measured bronchial 
diameter (mm)

DLT 
size 
(Fr)

Left bronchial lumen outer diameters from four manufacturers 
(mm)

Mallinckrodt (St. 
Louis, MO)

Rusch 
(Duluth, 
GA)

Sheridan 
(Argyle, NY)

Portex 
(Keene, 
NH)

≥ 12 41 10.6 11.5 10.7 12.0
12 39 10.1 10.8 9.9 11.2
11 37 10.0 10.1 9.9 10.2
10 35 9.5 9.4 9.3 9.7

Based on data from Ref. [30]
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Fig. 5.15 Margin of safety in positioning left- and right-sided DLTs [8]. LMS length left main-
stem bronchus, RMS length right mainstem bronchus, MS margin of safety, LUL left upper lobe, 
RUL right upper lobe. (Reprinted from Benumof et al. [31]. With permission from Wolters Kluwer 
Health)
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Fig. 5.16 Optimal position of left double-lumen tube in left mainstem bronchus. (a) View from the 
tracheal lumen of the unobstructed entrance of the right mainstem bronchus. (b) View from the tra-
cheal lumen of the right-upper bronchus. (c) View from the bronchial lumen of the left-upper (above) 
and left-lower (below) lobe bronchi. (Modified from Campos [33]. With permission from Elsevier)

Fig. 5.17 Optimal position of right double-lumen tube in right mainstem bronchus. (a) The view 
of the right upper lobe through the ventilating side slot of the bronchial lumen. (b) The view from 
the tracheal lumen of the main carina with the bronchial lumen in the right mainstem bronchus. 
(Modified from Campos [33]. With permission from Elsevier)
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 Lesson VI: What Invasive Therapies Are Available to Treat 
Pulmonary Hemorrhage?

 Lesson VI-A: What Catheter-Based Interventions Are Available 
to Treat Pulmonary Hemorrhage?

Bronchial artery embolization (BAE) is a very useful adjunct in the management of 
massive pulmonary hemorrhage. It is based on the principle that most massive air-
way bleeding is from the high-pressure bronchial arterial circulation and rarely 
from the low-pressure pulmonary artery circulation [34]. When unilateral pulmo-
nary hemorrhage becomes uncontrolled despite sufficient attempts at lung isolation 
with a bronchial blocker or DLT, BAE should be considered. BAE offers a mini-
mally invasive procedure serving as first-line treatment for hemorrhage as well as 
providing a bridge to more definitive medical or surgical intervention focused upon 
the etiology of the hemorrhage [35]. Various materials are capable of achieving 
vascular occlusion such as gel foams, polyvinyl alcohol particles, and micro-
spheres. Coil embolization can be utilized for large, high-flow bronchial arteries. 
Lesson I-C discusses the pulmonary and bronchial circulation in detail. 
Complications from BAE are rare and minor. They include complications at femo-
ral access sites (pseudoaneurysms, intimal dissection), small risk of stroke caused 
by embolization (this has become less common with super-selective embolization), 
and the risk of rebleeding [34]. The risk of rebleeding is dependent on the airway 
bleeding etiology and the extent of embolization. Rebleeding is thought to occur 
due to the development of collaterals, perfusing distributaries, or continuing 
inflammation.

Selective, temporary balloon occlusion of a pulmonary artery is another 
catheter- based technique used during the management of massive pulmonary hem-
orrhage. Temporary balloon occlusion can be employed if surgical resection is too 
risky or as an adjunct to other therapies. Pulmonary infarction rarely occurs after 
complete obstruction of a major pulmonary artery branch, as the lung receives 
dual blood supply from the pulmonary artery and from the descending aorta via 
the bronchial arteries, which is discussed in Lesson I-C. Advantages of an intra-
vascular technique include concurrently being able to perform a diagnostic angi-
ography (if the lesion is not positively localized by bronchoscopy) and avoidance 
of reopening the chest, if bronchoscopy reveals no recurrence of hemorrhage after 
careful reestablishment of pulmonary circulation to the affected lung [36]. A 
potential catastrophic complication is the potential pulmonary artery rupture, and 
the risk for this is high in the immediate postoperative setting [9, 37]. The use of 
selective, temporary balloon occlusion of a pulmonary artery requires one-lung 
ventilation to minimize ventilation of dead space. If one-lung ventilation is unable 
to sustain adequate oxygenation and ventilation, another therapy must be 
investigated.
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 Lesson VI-B: What Surgical Interventions Are Available to Treat 
Massive Pulmonary Hemorrhage?

Surgical interventions for the treatment of massive pulmonary hemorrhage include 
banding, temporary clamping, embolization of a branch pulmonary artery, and lung 
resection. Banding requires circumferential dissection and looping of the vessel. 
The vascular supply is cut off leading to an area of dead space ventilation. Absorbable 
pulmonary artery banding is a useful technique that can be used when high pulmo-
nary blood flow must be limited, such as in cases of massive pulmonary hemor-
rhage, but when the natural history of the underlying lesion is one of resolution [38]. 
The band is gradually absorbed with time so the pulmonary artery constriction 
either resolves spontaneously or can be easily treated by balloon angioplasty. The 
bands lose their tensile strength after only a few weeks, although the materials 
themselves may remain present in a weakened form for up to 3 months. A potential 
complication of the absorbable pulmonary artery band is it may act as a nidus for 
scar formation and the scar tissue could maintain the hemodynamic effect of the 
band, long after the material itself has been absorbed.

Temporary clamping creates a quickly reversible hemostatic environment similar 
to banding. A clamp is placed over a branch pulmonary artery supplying the area of 
hemorrhage. The temporary clamping provides hemostasis, allowing time for fur-
ther interventions, and itself can be therapeutic [39]. The only potential disadvan-
tage of temporary clamping is the chance of acute lung infarction and PA branch 
stenosis. A downside to this technique is that it requires the chest to be surgically 
open for it to be utilized.

Direct surgical embolization is a novel technique for management of massive 
pulmonary hemorrhage. A selective pulmonary artery branch can be sealed with a 
hemostatic agent (Surgicel) [40]. Surgicel is a bioabsorbable hemostatic mesh 
believed to promote coagulation physically, rather than by altering the physiological 
clotting mechanism. Absorption commences within 24 h, and the rate depends on 
the amount of material used, the degree of local blood flow, and the tissue bed itself. 
There were no reported complications with the described technique but also no 
reported long-term follow-up.

Lung resection is a curative treatment for massive pulmonary hemorrhage but 
results in permanent loss of the pulmonary bronchovascular bed. Historically, pul-
monary resection has been the most effective method to control and prevent recur-
rent bleeding [41]. The criteria of eligibility for surgery differ among institutions 
and seem to be subject to surgical or institutional bias. Relative contraindications to 
surgery include severe underlying pulmonary disease, active TB, diffuse underlying 
lung disease (cystic fibrosis, multiple arteriovenous malformations, multifocal 
bronchiectasis), and diffuse alveolar hemorrhage. Bronchopleural fistulas and infec-
tion are the primary complications associated with lung resections for pulmonary 
hemorrhage.
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 Lesson VI-C: What Is Extracorporeal Membrane Oxygenation, 
and How Is It Useful During Pulmonary Hemorrhage?

Extracorporeal membrane oxygenation (ECMO) is an extracorporeal technique 
providing respiratory and cardiac support to facilitate adequate gas exchange during 
a potentially reversible acute, severe cardiac or pulmonary failure unresponsive to 
conventional management. Intraoperative thoracic surgical catastrophes, such as 
massive pulmonary hemorrhage, may require extracorporeal circulation modes to 
support the patient, while the appropriate repair is made. Regardless of the physical 
environment where the emergency occurs, a multidisciplinary team approach is cru-
cial for the successful management of pulmonary hemorrhage [42].

There are several forms of ECMO, the two most common being veno-venous 
(VV) and venoarterial (VA). Being knowledgeable about the capabilities and differ-
ences between cardiopulmonary bypass, VA ECMO, and VV ECMO can guide rapid 
intraoperative decisions under stressful conditions and greatly benefit patients [37, 
43, 44]. In both VV and VA ECMO, blood is drained from the venous system and 
oxygenated outside the body (Figs. 5.18 and 5.19) [42]. Anticoagulation is required 
but less than what is necessary for cardiopulmonary bypass. In VV ECMO, blood is 
returned to the venous side of the heart, usually via the internal jugular vein or right 
atrium. A single-site, dual-lumen catheter, such as the Avalon Elite ® bicaval dual-
lumen ECMO cannula, is available for insertion into the right internal jugular vein, 
for drainage via the superior and inferior vena cava and return to the right atrium 
(Fig. 5.18a) [45]. A dual-site, utilizing single-lumen catheter such as in Fig. 5.18b is 
also possible. VV ECMO is an invaluable tool in cases of massive pulmonary hemor-
rhage with oxygenation and ventilation disturbances refractory to the previously 
mentioned techniques [34]. VV ECMO has been successfully used without antico-
agulation, which is beneficial during a pulmonary hemorrhage given heparin can 
impair hemostasis, contributing to airway bleeding [46]. In VA ECMO, blood is 
returned to the arterial system via the femoral artery or ascending aorta if cardiopul-
monary bypass has already been established (Figs. 5.19 and 5.20). Active venting of 
the pulmonary vascular bed during VA ECMO can improve the surgical field and 
minimize airway bleeding during placement of lung isolation devices (Fig.  5.20) 
[42]. If the oxygenation and ventilatory issues are combined with a concurrent hemo-
dynamic impairment, VA ECMO can provide assistance to both problems 
simultaneously.

Relative contraindications for ECMO pertain to medical futility, conditions 
incompatible with a meaningful life after recovery, and pre-existing conditions 
severely affecting quality of life. Complications from ECMO include neurologic 
injury (ischemic, hemorrhagic, and embolic), bleeding, hemolysis, infection, sys-
temic and pulmonary thromboembolism, heparin-induced thrombocytopenia, and 
vascular injury from cannula insertion [34].
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a

b

Fig. 5.18 Veno-venous extracorporeal membrane oxygenation (VV-ECMO) circuit. (a) Single- 
site setup with single dual-lumen bicaval cannula. (b) Dual-site setup using two single-lumen 
cannulas. (Reprinted from Abrams et al. [45]. With permission from Elsevier)
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Fig. 5.19 Femoral venoarterial extracorporeal membrane oxygenation. (Reprinted from Abrams 
et al. [45]. With permission from Elsevier)
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Fig. 5.20 Venoarterial extracorporeal membrane oxygenation circuit with active venting of pul-
monary vascular bed. (Reprinted from Pretorius et al. [42]. With permission from Elsevier)
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 Conclusion

Pulmonary hemorrhage is rare, but it does occur during certain surgeries, and severe 
cases can be life-threatening. The management of pulmonary hemorrhage is chal-
lenging, often requiring advanced techniques and equipment. This chapter discussed 
a case of massive pulmonary hemorrhage following cardiopulmonary bypass in a 
patient undergoing pulmonary thromboendarterectomy. Rapid diagnosis and identi-
fication of the bleeding source are crucial to successful management of pulmonary 
hemorrhage. Physiologic perturbations can create a challenging situation where 
immediate action is required in multiple domains. Management of a coagulopathy 
is often critical during treatment of pulmonary hemorrhage. Various therapies, rang-
ing from noninvasive to invasive, may be required to successfully and safely man-
age a patient with pulmonary hemorrhage.
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Chapter 6
A Case of CHARGE Syndrome 
and Hypoxemia

Asheen Rama, Jonathan L. Benumof, and Alyssa Brzenski

 A Case of CHARGE Syndrome and Hypoxemia

A 3-year-old male, with a history of CHARGE syndrome (L1), was scheduled for 
dental examination under general anesthesia. The patient met criteria for CHARGE 
syndrome having colobomas, retardation of growth and development, deafness, and 
gastroesophageal reflux. However, there was no history of cardiac or nasal cavity 
defects (L2). The patient also had a history of frequent, daily, breath-holding spells 
(L3) associated with perioral cyanosis and was recovering from a recent upper 
respiratory infection (URI) (L4–L6) that developed approximately 2 weeks prior to 
day of surgery. On arrival to the children’s hospital, his vital signs were stable, and 
the physical exam was unremarkable.

The patient was brought back to the operating room with his parent at his side and 
underwent an inhalational induction with 8% sevoflurane and 100% oxygen. A 24 
gauge intravenous catheter was placed in a hand, and induction was completed with 
propofol. Oxymetazoline was administered into the nares to prepare for nasal intuba-
tion. Using a red rubber catheter (L7–L9), a nasal 4.5 internal diameter (ID) cuffed, 
endotracheal tube (ETT), McGill forceps, and a #2 Miller laryngoscope blade, the 
patient was intubated uneventfully without any complications. Dexamethasone was 
administered for nausea prophylaxis. The patient was maintained under general anes-
thesia with sevoflurane. Once the dental exam and placement of tooth caps were com-
pleted, the patient was given ketorolac, and he was transported to the post anesthesia 
care unit (PACU) with the endotracheal tube in place while spontaneously ventilating.

In the PACU while emerging from anesthesia and with the ETT still in place, the 
patient became apneic and cyanotic. The pulse oximeter saturation reached a nadir 
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of 84%. Continuous positive airway pressure (CPAP) was administered using a 
Mapleson circuit, and the patient resumed spontaneous ventilation. After several 
minutes, the patient displayed several signs of readiness for extubation (L10) includ-
ing hip flexion, attempting to grasp the endotracheal tube, and spontaneous eye 
opening with the eyes conjugate and midline. The nursing staff suctioned his oral 
and nasal cavities, deflated the ETT cuff, and extubated the patient. The patient 
maintained a patent airway following extubation and was breathing spontaneously 
and unlabored with blow-by supplemental oxygen. After several minutes, the patient 
became apneic. A face mask with the Mapleson circuit was used to apply CPAP 
while the patient was apneic, and then the patient resumed spontaneous ventilation 
(L11, 12). Approximately 1–2 min later, the patient once again appeared to have 
another episode of apnea. However, CPAP did not assist oxygenation. The heart rate 
and oxygen saturation continued to decrease rapidly, with the heart rate reaching a 
nadir in the 40s. A “code blue” was called. Ten chest compressions were initiated 
according to the Pediatric Advanced Life Support Algorithm (PALS) along with 
mask ventilation (L13). No medications were given. After these ten compressions, 
the patient regained spontaneous ventilation with the heart rate returning to the 90s 
and oxygen saturation normalizing. A decision was made to reintubate the patient 
due to these multiple apneic episodes. The patient was induced with propofol and 
intubated with a 4.5 mm ID oral, endotracheal tube.

Later in the PACU, the patient met extubation criteria, and the decision was 
made to reattempt extubation. Within several seconds following extubation, the 
patient became cyanotic and desaturated to mid 80s on pulse oximetry, and the 
anesthesiologist applied aggressive CPAP which successfully treated the hypox-
emia. The patient was monitored for several hours in the PACU and had inter-
mittent desaturation to the mid 80s. The patient was admitted for observation 
and was discharged in the morning having been noted to be at baseline level of 
activity by parents.

 L1: What Is CHARGE Syndrome?

CHARGE syndrome is a rare congenital condition that is estimated to occur in 1 in 
10,000–12,000 live births. The acronym CHARGE stands for the following clinical 
signs that are frequently found in patients with CHARGE syndrome: coloboma, 
heart defects, choanal atresia, retardation of growth and development, genitourinary 
problems, and ear abnormalities. Although these signs and symptoms are found in 
many individuals with CHARGE syndrome, they are not the sole criteria for diag-
nosis. Diagnosis is primarily clinical with confirmation by genetic testing. Blake 
et al. [1] created a system where patients are diagnosed with CHARGE syndrome if 
they have at least four major features or three major features plus at least three 
minor features (see Table 6.1).

Over 90% of patients with CHARGE syndrome have a mutation in the CHD7 
gene. Although the exact function of CHD7 is unknown, the gene is expressed in the 
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central nervous system and the neural crests of the pharyngeal arches—both of 
which involve organs affected by CHARGE. However, even if a patient does not 
have a mutation in the CHD7 gene, but meets clinical criteria, the patient is diag-
nosed with CHARGE syndrome. Given the wide spectrum of phenotypic features 
seen in CHARGE, there is overlap with other genetic abnormalities, most notably 
for chromosome 22q11.2 deletion syndrome. Despite CHARGE syndrome having a 
clinical diagnosis, genetic testing is important as it provides insight into the patient’s 
clinical course and aids in management decisions. In addition, testing can provide 
genetic counseling for parents. For example, CHD7 mutations are usually sporadic, 
whereas 22a11.2 deletions can be familial [2].

One of the challenges in providing anesthesia to patients with CHARGE syn-
drome is congenital heart disease (CHD). Cardiac defects can be found in 75–85% 
of CHARGE patients [1]. An epidemiological analysis of CHARGE syndrome by 
Issekutz et al. found a wide variety of cardiac malformations in CHARGE patients 
with many patients having more than one defect [3]. Issekutz et al. compared their 
data to several other epidemiological studies and found that conotruncal defects 
were the most commonly observed congenital heart anomaly with an incidence 
ranging from 17% to 42% across several studies [3–6]. In addition, aortic arch 

Table 6.1 Chart of major and minor criteria: major criteria are commonly seen in CHARGE 
syndrome but are rare in other syndromes, and minor criteria are less specific to CHARGE

Includes
Frequency 
(%)

Major criterion
C = Coloboma Coloboma of iris, retina, choroid, disc; microphthalmia 80–90
C = Choanal atresia Unilateral/bilateral, membranous/bony, stenosis/atresia 50–60
C = Characteristic ear 
abnormalities

External ear, middle ear, (ossicular malformations, 
chronic serous otitis), mixed deafness, cochlear defects

90

C = Cranial nerve 
dysfunction

I, anosmia; VII, facial palsy (unilateral or bilateral); 
VIII, sensorineural deafness and vestibular problems; IX 
and/or X, swallowing problems

70–90

Minor criterion
Genital hypoplasia Males: micropenis, cryptorchidism 70–80

Females: hypoplastic labia
Both: delayed, incomplete pubertal development

Developmental delay Delayed motor milestones, hypotonia, cognitive delay 100
Cardiovascular 
malformations

All types: specially conotruncal defects (e.g., tetralogy 
of Fallot), atrioventricular (AV) canal defects, and aortic 
arch anomalies

75–85

Growth deficiency Short stature 70
Orofacial cleft Cleft lip and/or palate 15–20
Tracheoesophageal 
anomalies

Tracheoesophageal fistula 20

Distinctive face Characteristic facial features including broad forehead 
with facial asymmetry and full nasal tip

70–80

Reprinted from Blake et al. [1]. With permission from Sage Publications
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anomalies were commonly observed and had an incidence of 5–36% across several 
epidemiological studies [3–6]. These conotruncal and aortic arch defects include 
tetralogy of Fallot, double outlet right ventricle, aberrant subclavian artery, right 
aortic arch, truncus arteriosus, interrupted aortic arch, and conoventricular VSD [4]. 
Of note, superior vena cava anomalies were very infrequently observed [3–6] (see 
Table 6.2). Depending on the type of congenital heart defect, severe cyanosis can 
result in addition to restrictions to pulmonary or systemic blood flow. The mainte-
nance of a patent ductus arteriosus may be required to provide systemic cardiac 
output prior to repair. For all of these patients, it is important to review and obtain 
an electrocardiogram, echocardiogram, as well as consider a cardiology consult 
before proceeding with intraoperative care.

 L2: What Are the Airway Abnormalities Associated 
with CHARGE Syndrome and Describe Management 
Strategies That Can Be Considered for Treating These 
Abnormalities?

Choanal atresia involves a unilateral or bilateral congenital blockage of the nasal 
passages. Approximately 50% of children with CHARGE have choanal atresia [1]. 
In about 70% of choanal atresia, blockage will be secondary to both membranous 
and bony components; the remaining 30% involve only bony blockage [7]. Since 
infants are obligate nasal breathers, bilateral atresia can present as respiratory dis-
tress at birth and even lead to death from asphyxia. Momentary relief occurs when 
the infant cries and breathes through the mouth. Accordingly, newborns with 

Table 6.2 Issekutz et al. reviewed several papers and found the following epidemiological data on 
cardiovascular malformations in CHARGE

Issekutz 
et al. [3]

Lin et al. 
[4]

Wyse 
et al. [5]

Tellier 
et al. [6]

Number of patients 65 53 59 47
Conotruncal defects (involve malformations 
related to the cardiac outflow tracts)

11 (17%) 22 (42%) 17 (29%) 11 (27.5%)

Aortic arch anomalies (abnormal anatomy of 
the aortic arch)

7 (11%) 9 (36%) 10 (17%) 2 (5%)

ASD 18 (28%) 2 (4%) 9 (15%) 3 (7.5%)
VSD 21 (32%) 2 (4%) 12 (20%) 5 (12.5%)
PDA 28 (43%) 12 (23%) 12 (20%) 8 (20%)
SVC anomalies 5 (8%) 0 0 0
AVSD 7 (11%) 3 (6%) 5 (8%) N/A

Based on data from Ref. [3]
ASD atrial septal defect, VSD ventricular septal defect, PDA patent ductus arteriosus, SVC superior 
vena cava, AVSD atrioventricular defect
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bilateral atresia undergo definitive surgical treatment as soon as the newborn is sta-
ble. Symptoms associated with unilateral atresia often present later during infancy as 
the child is able to breathe through one of the nasal passages without obstruction.

Micrognathia, sometimes referred to as mandibular hypoplasia, can lead to sig-
nificant challenges with intubation. Several anatomic changes, which occur during 
early fetal development, can be highlighted and illustrate the underlying difficulties 
with laryngoscopy. During fetal development in the eighth week of gestation, the 
tongue is normally pulled downward and forward into a rapidly growing mandible. 
If the mandible remains hypoplastic during the early stages of fetal life, the tongue 
will be unable to descend into the oral cavity and will remain posteriorly displaced, 
resulting in glossoptosis [8]. Laryngoscopy is made more difficult by difficulty in 
moving the posteriorly displaced tongue. In addition, the laryngeal inlet may appear 
to be more anterior and thus difficult to visualize as the line of site is “sharply curved” 
(see Fig. 6.1). Moreover, in patients with micrognathia, the oral aperture may not 
open as widely [9]. The combination of these factors can lead to the  inability to visu-
alize the glottis during direct laryngoscopy, resulting in a grade 4 view. A careful 
preoperative assessment of the patient’s anesthetic history and previous airway man-
agement can be helpful in anticipating difficulty with intubation. In a study investi-
gating the incidence of airway abnormalities in CHARGE patients, Stack et al. found 
that in a cohort of 50 patients, 40% of patients with CHARGE had micrognathia [10].
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Fig. 6.1 Schematic 
illustrating challenges 
associated with glottis 
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site has to navigate 
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thyromental distance 
(TMD). (Courtesy of 
Dr. Jonathan 
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Given the difficulty with intubation, an induction technique that allows for con-
tinued spontaneous ventilation, such as a volatile induction with 8% sevoflurane and 
100% oxygen, is optimal. With careful consideration of patient head position and 
attempt at alignment of oral, pharyngeal, and laryngeal axis, the author would 
attempt a gentle direct laryngoscopy to visualize the glottis. External glottic manip-
ulation can be used to displace the cricoid cartilage and glottis, posteriorly and 
cephalad in an attempt to optimize line of site. If this does not bring the glottis into 
view, the author would consider the use of indirect laryngoscopy with video-assisted 
laryngoscopy such as a GlideScope as this may provide a more anterior line of site 
to the glottis or consider a fiber-optic intubation through an intubating laryngeal 
mask airway (LMA).

Laryngomalacia is an airway abnormality in which there is an inward collapse of 
supraglottic structures during inspiration and can result in stridor. Stack et al. stud-
ied the incidence of airway abnormalities in CHARGE patients and found, in their 
cohort of 50 patients, 8% had laryngomalacia [11]. Various anatomic abnormalities 
can contribute to laryngomalacia, including inward collapse of shorter aryepiglottic 
folds, a long tubular epiglottis, anterior and medial collapse of the arytenoid carti-
lage, and posterior inspiratory displacement of the epiglottis against the posterior 
pharyngeal wall [12]. Defective neuromuscular control is also thought to play a role 
in the collapse of supraglottic structures. Under general anesthesia, maintaining 
spontaneous ventilation may be challenging as the laryngeal cartilage may collapse 
with inspiration, and as such, continuous positive airway pressure may be helpful to 
splint open the airway. Placing the child in a lateral position may also help as it can 
shift the pressure of the chest wall from directly pushing downward on the larynx. 
For long-term airway management, tracheostomy may be required [11].

Subglottic stenosis can be either acquired or congenital. In patients with 
CHARGE Syndrome, both acquired and congenital forms may be present; patients 
may be born with mild congenital subglottic stenosis that is worsened by prolonged 
or repeated intubations during operative procedures or intensive care. Compared to 
other airway abnormalities, the incidence of subglottic stenosis in CHARGE 
patients is relatively low having been reported to be 6–8% [10, 11]. Patients are at 
risk for developing subglottic stenosis if they have a history of previous endotra-
cheal intubation whether for respiratory distress as a newborn or for operative man-
agement. Direct laryngoscopy is the means by which this is diagnosed, and patients 
may require a smaller endotracheal tube diameter [11].

Laryngeal clefts are a developmental failure of the posterior cricoid lamina or the 
septa between the esophagus and trachea and can involve intrathoracic extension 
(see Fig. 6.2). In comparison to the previous airway abnormalities described, laryn-
geal clefts are rarely seen in patients in CHARGE syndrome [10, 11]. Clinically, 
patients will have stridor as well as difficulty with feeding, leading to pulmonary 
aspiration and frequent chest infections [10]. One chief concern during the perfor-
mance of an anesthetic is the placement of the endotracheal tube. If the tube and cuff 
are not placed beyond the cleft, insufflation of the stomach may occur [10]. During 
the operative repair for type I–III lesions, these are often completed with a sponta-
neously ventilating patient under suspension laryngoscopy. With this technique, the 
patient maintains spontaneous ventilation. This has been accomplished with volatile 
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agents and total intravenous anesthetic techniques including propofol and remifen-
tanil infusions. Type IV lesions may require repair with the patient on cardiopulmo-
nary bypass [14].

Congenital laryngeal webs are membrane-like structures that extend across the 
laryngeal lumen and are located at or near the laryngeal opening (see Fig.  6.3). 
Rarely seen in patients with CHARGE, they are associated with respiratory distress 
and inspiratory stridor. The webs are the result of incomplete recanalization of the 
larynx during the tenth week of life [12]. The anesthetic management of a child with 
congenital laryngeal webs undergoing laryngeal reconstruction requires careful pre-
operative preparation including imaging which may require chest CT or MRI in 
addition to chest X-ray. An otorhinolaryngologist can be consulted to perform a 
bedside flexible bronchoscopy to evaluate the glottis and determine the degree of 
airway narrowing and the severity of the web. Intraoperatively, an inhalational 
induction followed by the maintenance of spontaneous ventilation using either vola-
tiles or intravenous agents should be considered. In addition, topical lidocaine can 
be used to reduce the minumum alveolar concentration (MAC) requirement.

 L3: What Is Breath Holding, and How Can You Tell 
the Difference Between Laryngospasm and Breath Holding? 
Also, How Would You Manage Breath Holding in the PACU?

Breath-holding spells (BHS) are a relatively common childhood disorder with an 
autosomal dominant inheritance pattern [15]. They constitute a nonepileptic event 
that is paroxysmal in nature and is triggered by an external emotional stimulus 

ba
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Fig. 6.2 Drawings of incomplete fusion of the posterior glottis: note the classification scheme 
where the laryngeal cleft can be above (I), at (II), or below (III) the cricoid or extend to inside the 
thorax (IV). (Reprinted from Campisi and Busato [13]. With permission from Springer Science + 
Business Media)
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including fear, pain, and minor trauma [16, 17]. The spells can present before 1 year 
of age and are more common between 6 months and 4 years of age [18]. A BHS 
presents when the child is vigorously crying. At the end of expiration, they will hold 
their breath. Apnea is accompanied by concomitant pallor or cyanosis which may 
progress to a loss of consciousness. Following this loss of consciousness, some 
patients may exhibit convulsive movements. This condition is classified into a cya-
notic, pallid, or mixed type. The underlying pathophysiology of the disorder has 
been postulated to be a dysregulation of the autonomic nervous system and can 
result in complications that include bradycardia and asystole [19]. In particular, pal-
lid breath-holding spells may involve a rapid loss of consciousness and are concern-
ing as they are preceded by a short period (one or a few seconds) of asystole [20]. 
Following an event, parents are reassured and educated about the condition. 
However, the periods of apnea and cyanosis can still be very difficult and frighten-
ing for parents to witness. A thorough preoperative history from the parent in deter-
mining patient triggers as well as reviewing the assessment and plans of the patient’s 
neurologist can aid in the perioperative management of these patients.

The diagnosis of breath holding post emergence is challenging. Taking into 
account patient history and observing the patient’s pattern of breathing can help 
discern laryngospasm from breath holding. Sternal retractions and paradoxical 

Laryngeal web

Fig. 6.3 Congenital laryngeal web. (Adapted from Campisi and Busato [13]. With permission 
from Springer Science + Business Media)
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abdominal chest movement are classic for laryngospasm as the patient will continue 
to attempt to ventilate against a closed glottis. A similar pattern can be observed 
with airway obstruction from the tongue or soft tissue. Discerning between laryngo-
spasm and a BHS may be challenging; however, the apnea and desaturation that 
follows may be rapid and necessitate immediate intervention regardless of 
etiology.

By understanding the pathophysiology, one can be prepared for the acute man-
agement of a perioperative BHS as well as develop an optimal anesthetic plan to 
mitigate the risk of having a BHS. During a BHS, one must consider the rapidity at 
which decompensation can occur as a result of hypoxemia and decreased apnea 
time in children. Thus, it may be prudent to temporarily re-anesthetize the patient 
with a sub-hypnotic dose of propofol if one is concerned about oxygenation. 
Providing continuous positive airway pressure followed by positive pressure venti-
lation with face mask if the patient becomes apneic is the next step in management. 
When considering pharmacological treatment, glycopyrrolate may be helpful in the 
acute, perioperative management of children with breath-holding spells as well as a 
prophylactic agent. Glycopyrrolate has been studied in a limited number of patients 
and appears to significantly decrease the incidence of breath-holding spells [17]. 
Furthermore, optimal pain control and anxiolysis are paramount in a patient with a 
history of breath-holding spells, as these prevent whatever stimulus that is present 
from triggering an event [19].

As parents will attest, when a child is having a BHS, it can be extremely anxiety- 
provoking to witness in addition to presenting a challenge for any member of the 
perioperative care team to manage. Knowledge of a patient’s triggers, appropriate 
and timely airway management, and utilizing pharmacological agents including 
anticholinergics, hypnotics, anxiolytics, and analgesics are critical to safe 
management.

 L4: What Are the Common Respiratory Events That Occur 
in Patients with Upper Respiratory Tract Infections (URIs), 
and How Can They Be Ameliorated?

Several respiratory events may occur in patients with URIs, and prompt manage-
ment is critical as they can lead to significant morbidity and mortality (Table 6.3). 
Laryngospasm may be managed by deepening the patient’s depth of anesthesia or 
providing muscle relaxation (see Lesson 11 for further details). Bronchospasm 
can be treated with the administration of beta 2 agonists, anticholinergic agents, 
deepening the alveolar concentration of volatile anesthetic, administering ket-
amine to allow for bronchodilation, and optimizing ventilatory settings by allow-
ing for increased expiratory time. Breath holding can also occur in patients with 
URIs and may be prevented by optimal perioperative management of anxiety and 
pain. Perioperative strategies to reduce breath holding may include 
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premedication, considering a parental induction, and clear liquid intake 2 h prior 
to surgery to reduce irritability [20]. In addition, post-intubation croup can also 
occur in patients with URIs. Racemic epinephrine and steroids can be used for 
treatment. Racemic epinephrine, however, may lead to rebound edema, and pro-
longed observation may be necessary along with overnight admission to a closely 
monitored setting [21].

 L5: What Additional Factors Can Increase the Risk 
for Adverse Respiratory Events (Table 6.4)?

Respiratory complications are a major cause of morbidity and mortality during the 
perioperative period in pediatric patients. Upper respiratory tract infections lead to 
respiratory complications in these pediatric patients and remain a major concern for 
pediatric anesthesiologists caring for children. However, laryngospasm, broncho-
spasm, coughing, breath holding, and need for postoperative oxygen can result from 
several additional factors related to the patient’s medical history, anesthetic man-
agement, and surgical procedure.

During the preoperative evaluation, specific focus should remain on factors 
related to the patient that may increase respiratory complications: medical history of 
asthma, history of prematurity with bronchopulmonary dysplasia, and exposure to 
tobacco smoke in the household. Asthma is one of the most common respiratory 
illnesses that is encountered with an incidence of 9.5% in children between the ages 
of 0 and 17 years living in the United States [27]. Symptoms of asthma including 
nocturnal cough, frequent wheezing (>3 times in the last 12 months), and wheezing 
during exercise are predictive of bronchospasm and laryngospasm during the peri-
operative period [22]. Nocturnal cough conferred the highest risk of perioperative 
respiratory complications, with a relative risk of 10.5 for bronchospasm in patients 
with these symptoms. Frequent wheezing (>3 episodes over 12 months) or wheez-
ing with exercise also increased the risk of bronchospasm (RR = 7.17, 7.73, respec-
tively) and laryngospasm (RR = 2.64, 3.28, respectively). In one large study from 
Perth, Australia, respiratory complications were more frequent in these asthmatic 

Table 6.3 Respiratory events and URIs

Respiratory 
events Management

Laryngospasm Deepen anesthetic versus muscle relaxation
Bronchospasm Pharmacotherapy with bronchodilators including albuterol, ketamine, and 

epinephrine or increasing depth of volatile anesthetic and optimizing 
ventilation to allow for increased expiratory time

Breath holding Premedication and clear fluid intake 2 h prior to surgery may reduce risk as 
well as providing optimal analgesia and anxiolysis

Post-intubation 
croup

Racemic epinephrine, steroids, and prolonged observation
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patients than in patients with upper respiratory tract infection during the past 
2 weeks [22].

Bronchopulmonary dysplasia (BPD), a chronic lung disease in preterm neonates, 
is also associated with high levels of bronchoreactivity [24, 28]. Although the rate 
of BPD varied greatly among different institutions in the United States, BPD can 
occur in over 50% of preterm infants with birth weights less than 750  g [24]. 
Children that are diagnosed with BPD not only have respiratory complications dur-
ing the neonatal period but also demonstrate increased obstructive lung function 
associated with increased airway hyperreactivity that may last throughout child-
hood and into adolescence [29, 30]. Although there are no studies comparing chil-
dren with BPD who are undergoing an anesthetic compared to similar peers without 
BPD, the increase in airway bronchoconstriction frequently makes respiratory com-
plications common. In addition, passive exposure to tobacco smoke leads to 
increased rates of bronchoreactivity and asthma in pediatric patients. Exposure to 
tobacco smoke is a major risk factor for perioperative respiratory adverse events 
[23]. The risk is greatest when both parents smoke (RR = 2.09, p < 0.0001), but if 
only one parent smokes, maternal smoking results in a 1.87 higher rate of periopera-
tive respiratory complications. It is unclear why maternal smoking confers a greater 
risk than paternal smoking, but it could be postulated that the primary caregiver may 
provide the greatest risk to these children [22].

Table 6.4 Risk factors for adverse respiratory events

Risk factors Salient points

Preoperative evaluation
Asthma Symptoms include nocturnal cough, frequent wheezing, and 

wheezing during exercise and increases risk of perioperative 
laryngospasm and bronchospasm [22]

Passive exposure to tobacco 
smoke

Increases the risk of asthma and high risk of perioperative 
respiratory event [23]

Preterm and 
bronchopulmonary dysplasia

May have a high level of bronchoreactivity secondary to 
bronchopulmonary dysplasia [24]

Anesthetic technique
Choice of volatile for 
maintenance

Sevoflurane shown to have less rate of perioperative respiratory 
adverse events than isoflurane and desflurane [22]

Propofol vs sevoflurane for 
maintenance

Lower rates of laryngospasm with propofol than sevoflurane [22]

Anesthesia delivered via 
endotracheal tube versus face 
mask only

Face mask only technique has significantly reduced risk for 
respiratory complications [22]

Regional anesthesia in 
neonates undergoing inguinal 
hernia repair

May decrease risk of perioperative adverse respiratory events 
[25]

Surgical considerations
Type of surgery Higher risk with ear, nose, and throat surgery likely due to 

airway instrumentation and secretions and bleeding in airway 
[26]
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The technique used for the intraoperative anesthetic can affect the rate of periop-
erative complications. In many surgeries in pediatric patients, regional anesthetics 
as the sole anesthetic are not an option due to lack of psychological maturity. 
However, for neonates undergoing inguinal hernia repair, regional anesthesia may 
be associated with lower rates of perioperative pulmonary complications compared 
to general anesthesia [25]. For surgical procedures that require general anesthesia, 
maintenance of anesthesia with a less irritating volatile anesthetic (sevoflurane > 
isoflurane > desflurane) results in lower rates of perioperative respiratory adverse 
events (laryngospasm RR 6.15  in desflurane compared to sevoflurane; laryngo-
spasm RR = 2.17 in desflurane compared to sevoflurane). There is an increased rate 
of laryngospasm when sevoflurane is used for maintenance of anesthesia compared 
with propofol (RR = 2.6, p < 0.0001). However, there is no difference in the rate in 
bronchospasm when propofol is used for maintenance of anesthesia when compared 
to sevoflurane [22].

In children without upper respiratory infections, Morabia et al. demonstrated 
that endotracheal intubation with muscle relaxants resulted in the lowest rates of 
respiratory complications. This study however was small which may have had an 
effect on the results [26]. The larger study by Habre et al. demonstrated that an 
endotracheal tube was associated with a fivefold increase in respiratory complica-
tions compared with anesthesia by face mask [22]. There was no difference 
between maintenance of anesthesia with the use of a laryngeal mask and a face 
mask. Finally, ear, nose, and throat surgery is associated with a 1.77 risk increase 
of complications compared to other elective surgical procedures [26]. These ear, 
nose, and throat procedures may increase the complications due to high rates of 
airway instrumentation, as well as the potential for secretions and bleeding follow-
ing the operation.

Together the preoperative and surgical risk factors can be used to determine 
which patients should be postponed prior to anesthesia. The intraoperative factors 
can be incorporated into an anesthesiologist’s armamentarium. Techniques that are 
associated with lower perioperative respiratory events can be used by the anesthesi-
ologist to ameliorate the potential for these perioperative respiratory events.

 L6: A Child with URI Presents for Elective Surgery, 
and the Decision Is Made to Cancel the Case. How Long Must 
the Child Wait Before Rescheduling Their Surgery?

URIs create a significant conundrum for the pediatric anesthesiologists. The risk of 
proceeding with an anesthetic must be weighed against the impact that canceling a 
case has on the parents before making a decision. Historically any URI would result 
in the cancelation of an anesthetic based on a case series by McGill et al. [31] that 
reported respiratory complications following anesthesia. Perioperative events such 
as bronchospasm, laryngospasm, desaturations, breath holding, and post-intubation 
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croup occur commonly following general anesthesia in children with URIs [32]. 
Tait et al. [33] studied risk factors that led to complications and determined that 
preoperative presence of copious sputum and secretions, nasal congestion, recent 
URI (less than 2 weeks), and history of reactive airway disease increased the risk of 
perioperative adverse respiratory events. Despite these perioperative events, in the 
experienced hands of a pediatric anesthesiologist [34], there is not a risk for sub-
stantial morbidity or mortality in these patients. A pediatric anesthesiologist, who is 
experienced with managing respiratory events in younger patients, will have 
increased familiarity with complications and be better equipped to recognize, man-
age, and treat them in a timely manner. Two large studies [32, 35] examined the risk 
of general anesthesia in children with URI revealed 3 out of 1078 children had a 
significant adverse events requiring hospitalization. There are a handful of case 
reports of deaths in children who underwent general anesthesia during an URI each 
which may have had complicating factors such as viral myocarditis [36–38] as a 
major contributor to the ultimate death. Although significant morbidity and mortal-
ity is not seen in this patient population with an experienced anesthesiologist, care 
should be taken to individually evaluate all patients with URIs.

The risk of increased perioperative respiratory events must be weighed against 
the impact on each family. Tait et al. [39] examined the impact canceling a case in 
a child with a URI has on the family. There was significant socioeconomic burden 
placed on the parents who may be missing work to bring their child to the hospital, 
and this should also be considered when making the decision to reschedule a surgi-
cal procedure. This burden was manifested in parents being required to take addi-
tional time off work and in the cost of travel for the families. This socioeconomic 
burden is not insignificant and should be weighed against the potential for resulting 
complications. Ultimately, these points illustrate the importance of weighing all 
risks and benefits when deciding to cancel elective surgery. Using clinical judg-
ment on each individual patient undergoing a specific surgery and recognizing 
modifiable risk factors that contribute to adverse respiratory events (see Table 6.4) 
will aid in clinical decision-making. With a thoughtfully planned anesthetic, one 
can reduce the risk of airway reactivity and thus consider moving forward with 
elective surgery. Such considerations potentially include using a laryngeal mask 
airway instead of an endotracheal tube, avoiding desflurane, and using prophylactic 
bronchodilators.

If a decision is made to postpone a surgical procedure and anesthetic, the ques-
tion that arises is when should the surgery be rescheduled (see Table 6.5). Most 
preschool age children will have at least 6–8 colds a year with 95% of the URIs 
caused by viral infections. Most of these URIs are self-limiting and will resolve 
quickly. However, studies have shown that airway reactivity remains for several 
weeks following an URI [40, 41]. Reviews of clinical patients demonstrate that this 
hyperreactivity may remain for 4–6 weeks after resolution of their URI. However, it 
is likely that the child may have another URI by the time the case is rescheduled 
[34]. Given the frequency of URIs, 4 weeks is typically deemed sufficient time to 
postpone prior to rescheduling a procedure in a child with a URI.
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 L7: Discuss Techniques Used in Nasotracheal Intubation. Are 
There Any Techniques Which Have Been Shown to Reduce 
Complication Rates?

One of the first steps in successfully performing a nasotracheal intubation is proper 
preparation of the nares. A topical vasoconstrictor, such as phenylephrine 0.25% or 
oxymetazoline, may be applied judiciously along the nasal mucosa and can aid both 
in increasing the patency of the nasal passage and in preventing bleeding secondary 
to mucosal injury caused by introduction of the tube [21]. Injury can be further 
minimized via dilation of the nares with nasal trumpets and softening the nasotra-
cheal tubes via soaking in warm water prior to insertion. Watt et al. found that by 
guiding a nasotracheal tube through the nasopharynx using a red rubber catheter, the 
incidence bleeding could be reduced by two- to threefold in comparison to using a 
warmed tube [42]. With this technique, the nasal mucosa does not make direct con-
tact with the sharp, beveled tip of a nasotracheal tube because it is fitted into the 
trailing end of the red rubber catheter (Fig. 6.4). Both the nasotracheal tube and the 

Table 6.5 Considerations of canceling elective surgery in setting of URI

Considerations Salient points

Socioeconomic status of 
family

Parent(s) may be missing work to bring child to hospital, 
financial burden to take additional time off, and travel expenses 
[39]

After URI symptoms resolve Airway hyperreactivity will remain for 4–6 weeks [34]
Frequency of preschool age 
children developing URIs

At least 6–8 colds per year [34]

Postponement of elective 
surgery

Balance between likelihood of another URI developing and 
hyperactivity of airway from initial URI deems at least 4 weeks 
postponement

Tip of catheter is
inserted into nares, and

pushed forward into
oropharynx

Fig. 6.4 Red rubber catheter is loaded onto the end of a nasal endotracheal tube. (Adapted from 
Garside and Hatfield [43]. With permission from John Wiley & Sons)
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red rubber catheter are advanced together into the nare. The catheter is retrieved 
from the oropharynx using Magill forceps, and the nasotracheal tube is positioned 
in the glottis with the aid of direct laryngoscopy and the use of Magill forceps.

 L8: What Are the Contraindications to Nasotracheal 
Intubation (Table 6.6)?

Nasotracheal tubes may cause complications in certain patients. Clinical judgment 
can be used, and further safety measures can be considered when performing nasal 
intubation. Prior to the procedure, a nasal speculum examination to inspect the nares 
for patency as well as relative size of turbinates should be considered. In addition, 
the anesthesiologist can guide the endotracheal tube through the nasopharynx with 
the aid of fiber-optic bronchoscopy. This may help to reduce the chance of directing 
the nasal tube through a false passage (i.e., in the case of a patient with a base of 
skull fracture) and minimize the chance of trauma. Table 6.6 lists the absolute and 
relative contraindications to nasotracheal intubation and why the contraindicated 
items are contraindicated.

Table 6.6 Table of absolute and relative contraindications to nasotracheal intubation

Absolute contraindications
Choanal atresia Boney or mucosal narrowing of nasal passage will obstruct 

nasotracheal tube
Transsphenoidal procedures Nares need to be available for surgical access to sphenoid sinus
Sinusitis Can lead to bacteremia
Thrombocytopenia/
coagulopathy [44]

High risk of bleeding

Basilar skull fracture [44] Tube can enter a false passage and cause CNS trauma
Relative contraindications [44]
Large nasal polyps Injury to nasal mucosa and obstruction to passage of nasotracheal 

tube
Suspected nasal foreign 
bodies

Can cause trauma and push foreign body into oropharynx

History of recent nasal 
surgery

Trauma to surgical repair and bleeding

Upper neck hematoma Nasal mucosal swelling from impairment of venous drainage can 
be present and lead to significant bleeding

Upper neck infection Swelling can lead to displacement of anatomy, and if there is an 
abscess which ruptures, contents can be aspirated

History of frequent epistaxis Risk of bleeding
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 L9: Describe the Complications That Can Be Associated 
with Nasotracheal Intubation

Several complications with nasotracheal intubation have been described (Table 6.7). 
The most common complication is epistaxis secondary to abrasions of the nasal 
mucosa. If bleeding is noticed during a successful intubation, the endotracheal tube 
can serve to tamponade the bleeding. If the tube cannot be passed successfully, one 
can consider removing the endotracheal tube and pinching the nostrils to provide 
manual compression to control bleeding [44]. Topicalization of the nasal mucosa 
with vasoconstrictors prior to the passage of the nasotracheal tube may aid in pas-
sage of the tube and limit bleeding. However, large doses of topical vasoconstrictors 
can lead to systemic hypertension, and thus it is important to consider the dose 
applied. In addition, care should be taken with respect to the timing of topical vaso-
constrictor application as laryngospasm can occur if the child is in stage two of 
anesthesia during an inhaled induction. Furthermore, traumatic nasal intubations 
leading to several complications including turbinectomy, polypectomy, and ade-
noidectomy have all also been described in the literature [45–48]. In addition to 
trauma, bacteremia has been reported in nontraumatic nasal intubations [49].

 L10: What Are the Important Considerations Prior 
to Extubating a Pediatric Patient, and When Is It Safe 
to Extubate a Child in a “Deep” Plane of Anesthesia?

The successful and safe extubation of a pediatric patient requires careful planning 
and preparation. All necessary airway equipment for ventilation and intubation such 
as a face mask, endotracheal tube, appropriately sized blade for direct laryngoscopy, 
and airway adjuncts including appropriately sized oral and nasopharyngeal airways 
should be readily accessible. Induction agents and muscle relaxants should also be 

Table 6.7 Complications associated with nasotracheal intubation

Complications Salient points

Epistaxis Nasotracheal tube can serve to tamponade bleeding or provide 
manual compression, or one can pinch the nostrils

Systemic hypertension From absorption of topical vasoconstrictors, thus dose 
appropriately

Laryngospasm Can be triggered by topical vasoconstrictor application if patient 
is not in a deep enough plane of anesthesia

Turbinectomy, polypectomy, 
and adenoidectomy

Topical vasoconstrictors can increase patency of nares, and red 
rubber catheter technique may reduce trauma [42, 45–48]

Bacteremia Sinusitis is a relative contraindication to nasal intubation, and 
bacteremia is a potential complication [49]
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available as the child emerges from anesthesia in the event that re-intubation 
becomes necessary.

Extubation can be performed when the patient is fully awake or in a relatively 
deep plane of anesthesia. The primary goal is to avoid extubation during stage II and 
allow for the return of laryngeal reflexes including a cough and gag. Prior to per-
forming a “deep” versus an awake extubation, one must weigh the advantages and 
disadvantages of this clinical decision with respect to the patient, type of surgery, 
and postoperative care resources such as availability and training of PACU person-
nel. For example, in children undergoing eye surgery, a deep extubation may be less 
likely to produce cough or strain and thus prevent disruption of the surgical repair. 
However, the disadvantages of a deep extubation include the risk of aspiration, as an 
anesthetized patient’s airway reflexes have yet to fully return, as well as the poten-
tial for obstruction or laryngospasm as the patient emerges through stage II of anes-
thesia without an airway in place. It is noteworthy that in a study with a relatively 
large cohort of 880 pediatric patients undergoing tonsillectomy and adenoidectomy, 
Baijal et al. observed the incidence of respiratory complications following awake 
versus deep extubation and found no statistical difference between these two meth-
ods [50].

If a decision is made to extubate deep, several complications may occur includ-
ing ventilatory compromise related to residual anesthesia and sedation. This can be 
assessed by evaluating the presence of any obstruction from the tongue or upper 
airway soft tissue. Additionally the practitioner should be aware of the possibility 
and presence of laryngospasm, bronchospasm or wheezing related to airway 
hyperactivity or aspiration, and alveolar edema related to negative pressure pulmo-
nary edema if significant laryngospasm develops. Inadequate reversal of muscle 
relaxant or excess narcotization should also be assessed if the patient is 
hypoventilatory.

If a child is extubated when fully awake, judgment of the child’s readiness is 
based on several parameters. As children may be too young to follow commands, it 
is important to note the following physical exam features (Table 6.8):

Table 6.8 Physical exam signs and readiness for extubation

Physical exam 
signs Comments

Eyes Spontaneous eye opening, along with midline, non-divergent location
Brow furrow Furrowing of brow can be physical exam of crying
Limbs Movement of all limbs and attempt to grab endotracheal tube can 

demonstrate motor strength
Swallowing and 
gag reflex

Return of reflex arc and evidence that patient is capable of protecting airway 
against aspiration

Breathing pattern Breathing pattern without pauses or breath holding
Oxygenation and 
ventilation

With minimum to no ventilatory support, patient maintains saturation and 
has adequate, age-corrected, tidal volumes – listening to bilateral lung fields 
and trachea can reveal the need for suctioning or bronchospasm
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 L11: How Do You Treat Laryngospasm (Fig. 6.5)?

The first step in treating laryngospasm involves distinguishing “partial laryngo-
spasm” from “complete laryngospasm.” Partial laryngospasm exists when there is 
evidence of turbulent airflow accompanied by high-pitched stridulous breathing and 
minimal chest rise. “Complete laryngospasm,” which is a life-threatening emer-
gency, often involves paradoxical chest wall movement and the complete lack of 
airflow and is associated with tracheal tug and intercostal retractions.

For both partial and complete laryngospasm, a useful first step involves jaw 
thrust followed by continuous positive airway pressure with 100% oxygen via face 
mask and increasing the depth of anesthesia, such as with an increased concentra-
tion of volatile agent. If the patient has partial laryngospasm, the volatile agent may 
be able to break the laryngospasm. Simultaneously, one can utilize a technique 
involving pressure placed in the “laryngospasm notch.” This anatomic location is 
located behind the lobule of the pinna, in front of the mastoid process, and behind 
the ascending ramus of the mandible. This technique involves using the thumb and 
index fingers to provide a seal with the face mask and using the middle finger of 
each hand to press inward toward the base of the skull, at the most cephalad portion 

Complete laryngospasm
Jaw thrust, 100% 02 via
facemask and CPAP and

consider PPV*

Laryngospasm notch and
IV propofol or IV / IM

succinylcholine + atropine

Partial laryngospasm
Jaw thrust, 100% 02 via
facemask and CPAP and

consider PPV*

Increase depth of
anesthesia (volatile /

propofol) and
oxygenate / ventilate

Fig. 6.5 Basic overview of laryngospasm management *If, after these maneuvers, the left upper 
quadrant appears distended, a nasogastric tube should be passed to suction the stomach
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of the “notch.” The technique has been described anecdotally; however, further 
studies need to be conducted regarding its efficacy [51].

Administering propofol or muscle relaxants will abduct the vocal cords. If pro-
pofol fails to treat laryngospasm, or if there is no intravenous access, a muscle 
relaxant can be administered. Barring any contraindications, succinylcholine can 
be administered intravenously at 1 mg/kg or intramuscularly at a dose of 4 mg/kg 
[21]. Before treating the patient with succinylcholine, atropine can be adminis-
tered at 20 mcg/kg to prevent bradycardia associated with succinylcholine and the 
hypoxemia that may be present in the face of severe laryngospasm [21]. If there is 
a contraindication to succinylcholine and no IV access is available, rocuronium 
can be administered via intravenous or intramuscular route. If succinylcholine is 
used, the practitioner can likely mask ventilate until the succinylcholine wears off. 
If the patient receives rocuronium, it may be best to intubate the patient because of 
the long-acting effects of rocuronium. In addition, if mask ventilation is used, one 
should consider passing a nasogastric tube, especially if the left upper quadrant is 
protuberant or distended as prolonged mask ventilation can inflate the stomach. 
Finally, despite the potential for laryngospasm to break with hypoxemia, bradycar-
dia followed by cardiac arrest can occur, and, thus, treatment should not be 
delayed.

After laryngospasm is treated, it is important to assess the patient for pulmonary 
aspiration or negative pressure pulmonary edema as well as to reassess the cause of 
the laryngospasm, treating the cause to prevent a reoccurrence of laryngospasm 
when the patient subsequently re-emerges. Oropharyngeal suctioning of secretions 
and blood may have been the initial stimulus. It is important to reassess and remove 
any offending agents that can retrigger laryngospasm upon re-emergence, and if 
there is impairment in the patient’s ability to oxygenate or ventilate, the patient may 
require re-intubation in order to provide adequate ventilator support.

 L12: What Techniques Have Been Studied That May 
Be Useful in Decreasing the Incidence of Laryngospasm 
During Extubation (Table 6.9)?

Several researchers have studied methods to prevent laryngospasm upon extubation 
in intubated patients. The research has primarily focused on extubation of children 
undergoing tonsillectomy and adenoidectomy. The contribution of depth of anesthe-
sia upon extubation, the degree of stimulation during emergence, and the pharma-
cological interventions to prevent laryngospasm have all been investigated.

Lidocaine has been investigated and is often used in clinical practice. The studies 
examining the use of lidocaine have some contradictory results, depending on the 
timing and route of administration of the lidocaine. In a study by Baraka, the chil-
dren post tonsillectomy and adenoidectomy were given an intravenous bolus of 2% 
lidocaine at 2 mg/kg, 1 min prior to extubation. None of the 20 patients who received 
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intravenous lidocaine had laryngospasm, while 5 of the 20 patients in the control 
group did have observed laryngospasm [52]. In another study, lower doses of lido-
caine (1.5 mg/kg) given closer to awakening, such as when the patient is already 
swallowing, did not result in a decreased incidence of laryngospasm [57]. 
Topicalization of the vocal cords with lidocaine may also be an effective means to 
reduce the incidence of laryngospasm. Koc et al. found that “spraying” the cords 
with topical lidocaine during induction or giving an intravenous lidocaine bolus at 
the end of surgery prior to emergence was effective in reducing the incidence of 
laryngospasm by approximately 50% compared to their control groups [53]. 
However, they did find that an intravenous lidocaine bolus at the end of surgery was 
associated with a greater degree of early postoperative sedation. Koc et  al. used 
intravenous boluses of 2% lidocaine at 1 mg/kg given 5 min prior to extubation or 
4 mg/kg of 2% lidocaine as glottic topicalization prior to intubation. It should be 
noted that the average duration of surgery in this study was approximately 40 min, 
and as such, their findings related to topical lidocaine during induction may not be 
applicable to longer surgeries.

In addition to lidocaine, propofol has also been investigated and found to be a 
useful medication to prevent laryngospasm. Propofol is not associated with an 
increase in airway reactivity, making it an ideal option in patients that are at high 
risk for laryngospasm. Batra et al. investigated the effects of sub-hypnotic doses of 
propofol on the incidence of emergence laryngospasm and found that by adminis-
tering 0.5 mg/kg, 1 min prior to tracheal extubation, they were able to decrease the 
risk of emergence laryngospasm. In their study, they observed a 20% incidence of 
laryngospasm in their control group and a 6.6% incidence in those receiving propo-
fol [54].

The role of magnesium in preventing laryngospasm has also been studied in 
children presenting for tonsillectomy and adenoidectomy. In a small study, Gulhas 
et al. found that magnesium infused intraoperatively to children undergoing tonsil-

Table 6.9 Techniques to reduce the incidence of laryngospasm studied in patients presenting for 
tonsillectomy and adenoidectomy

Technique Comments

Intravenous 
lidocaine

2% lidocaine at 2 mg/kg, 1 min prior to extubation reduced incidence [52]

Glottic 
topicalization

4 mg/kg of 2% lidocaine as glottic topicalization prior to intubation [53]

Subhypnotic 
propofol dose

Administering 0.5 mg/kg, 1 min prior to tracheal extubation [54]

Magnesium 
infusion

Post-intubation, providing magnesium infusion at 15 mg/kg of magnesium 
sulfate over 20 min [55]

“No-touch 
technique”

Suctioning the oropharynx while the patient is still anesthetized and then 
allowing the child to fully emerge in the lateral position without any 
stimulation [56]
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lectomy and adenoidectomy decreased the incidence of laryngospasm during awake 
extubation. Their intervention involved infusing a dilution of 15 mg/kg of magne-
sium sulfate over 20 min after intubation. In their control group, 5 of the 20 patients 
had laryngospasm, while in the group receiving magnesium, none of the patients 
had laryngospasm. In their paper, the researchers postulated that magnesium may 
contribute to increased depth of anesthesia and increased muscle paralysis as mech-
anisms by which it reduces the incidence of laryngospasm [55].

In addition to pharmacological interventions, the depth of anesthesia during 
tracheal extubation has been studied, but it remains unclear whether awake versus 
deep extubation is more effective at reducing the risk of laryngospasm. However, 
it is clear that a patient should not be extubated while they are in an intermediate 
or light plane of anesthesia. In addition, the so called, “no-touch” technique has 
been studied, albeit in a relatively small cohort of 20 children presenting for tonsil-
lectomy and adenoidectomy. None of the 20 patients who were observed devel-
oped laryngospasm [56]. The “no-touch” technique involves suctioning the 
oropharynx while the patient is still anesthetized and then allowing the child to 
fully emerge in the lateral position without any stimulation. Once the patient’s eyes 
start to open, he or she is extubated. Another technique that has been utilized dur-
ing extubation involves extubating while the lungs are inflated by positive pres-
sure. The technique may reduce laryngospasm by decreasing adductor muscle 
response [58].

 L13: At What Point Should Chest Compressions Be Initiated 
in a Patient Who Becomes Acutely Hypoxemic, Appears 
Cyanotic, and Has Sinus Bradycardia on Telemetry?

According to the American Heart Association cardiopulmonary resuscitation guide-
lines (Fig. 6.6), a pediatric patient who displays clinical signs of symptomatic bra-
dycardia despite oxygenation and ventilation should have chest compressions 
initiated if the heart rate is below 60 beats per minute (bpm). If the bradycardia 
continues, the patient may need treatment with epinephrine or atropine (refer to 
Fig. 6.6). In our patient, despite attempts at mask ventilation, the child continued to 
have desaturation on pulse oximetry and appeared increasingly cyanotic as the heart 
rate decreased to the 40s, down from this patient’s baseline of approximately 
100 bpm. Chest compressions were initiated to essentially provide external cardiac 
massage and assist in maintaining systemic perfusion and augmenting venous return 
as well as providing coronary perfusion. In order to perform high-quality chest 
compressions, it is recommended that the compressions be delivered at a rate of 
100 bpm with a compression depth of 2 in. in children and with minimal interrup-
tions [59].
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Chapter 7
A Patient with ALS Requiring Intubation

James Phillips, Seth Herway, and Alyssa Brzenski

A 39-year-old man with advancing sporadic amyotrophic lateral sclerosis (L-1) was 
admitted to an intensive care unit (ICU) service because of 2 days of worsening 
shortness of breath and an inability to clear secretions. The patient was wheelchair 
bound and used continuous positive airway pressure therapy while sleeping. On 
arrival to the emergency department, he was diagnosed with acute on chronic hyper-
carbic respiratory failure secondary to worsening muscle weakness because of an 
initial arterial blood gas (ABG) which showed a pH 7.17/pCO2 133 mmHg/HCO3 
30 mEq/L/paO2 187 mmHg/O2 saturation 100%. The patient and his mother had 
never discussed his code status; however, the patient’s mother was inclined to allow 
him to be intubated. Multiple physicians agreed that the patient did not have the 
capacity to make decisions at the time of admission to the hospital due to severe 
hypercarbia, and it was decided to allow for endotracheal intubation if the patient 
had any further respiratory decline.

Upon admission to the ICU, the BiPAP settings were incrementally increased for 
worsening respiratory failure over the next 4 h. Eventually, the on-call anesthesiolo-
gist was called by the ICU fellow for intubation. On the anesthesiologist’s arrival to 
the bedside, the ICU fellow expressed a desire to intubate the patient. It was decided 
the ICU fellow would intubate under the direct supervision of the attending anesthe-
siologist. While obtaining the appropriate equipment for intubation, the patient was 
preoxygenated. Unbeknownst to the attending anesthesiologist, the ICU fellow had 
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already ordered etomidate and succinylcholine induction medications for the bed-
side nurse to give. Etomidate 16 mg followed by 120 mg succinylcholine (L-2) were 
pushed intravenously by the bedside nurse, due to the previous order by the ICU 
fellow, without notifying the anesthesiologist. The bedside nurse announced that 
etomidate and succinylcholine had been administered. At the instruction of the 
attending anesthesiologist, the nurse attempted to withdraw the medications through 
the IV; however, they had already been flushed in.

Immediately after administration of the induction agents, the patient’s heart rate 
rapidly dropped from 110 to 70 bpm. As the ICU fellow inserted the laryngoscope, the 
patient developed ventricular tachycardia (L-3). The laryngoscope was removed, chest 
compressions were initiated, and a code blue was called. The attending anesthesiolo-
gist, without difficulty, then intubated the patient while compressions were continued. 
A colorimetric carbon dioxide detector and bilateral breath sounds confirmed tracheal 
intubation. Epinephrine, bicarbonate, and calcium chloride were given (L-4). Within a 
minute the patient was found to have palpable pulses, and the ventricular tachycardia 
subsequently spontaneously converted to sinus rhythm. Cardiopulmonary resuscitation 
(CPR) was stopped, while mechanical ventilation was continued. The initial ABG, 
obtained during CPR, showed a potassium level of 6.5 meq/L, which decreased to 
4.1 meq/L on the follow-up ABG. Following the pulseless ventricular tachycardia, the 
patient required intravenous pressors to maintain hemodynamic stability. A right inter-
nal jugular central venous catheter and left radial arterial line were placed for hemody-
namic monitoring. An emergent bronchoscopy post-intubation found a large mucus 
plug that was suctioned with improvements in oxygenation and ventilation.

The patient underwent several therapeutic bronchoscopies over the next few days 
for a diagnosed septic pneumonia. At a family meeting several days later, the patient 
confirmed his desire to undergo tracheostomy placement, recognizing that long- 
term ventilation and long-term skilled care would be required. A percutaneous tra-
cheostomy tube and an interventional radiology-guided gastric tube were placed. 
The patient was eventually discharged to a long-term care facility.

 L-1: Amyotrophic Lateral Sclerosis and Anesthetic 
Considerations

Amyotrophic lateral sclerosis (ALS-Lou Gehrig’s disease) is a degenerative motor neu-
ron disease that is characterized by muscle wasting and spasticity and typically sporadic 
in nature. This degeneration involves both upper and lower motor neuron death. Typical 
symptoms include difficulty with swallowing, speaking, and breathing. The onset of 
symptoms for sporadic cases typically occurs around age 60, while symptoms in inher-
ited cases (5–10%) typically start around age 50 [1]. Patients on average survive 
3–4 years after the onset of symptoms [2]. The death rate throughout the world is 2 
deaths per 100,000 people per year [3]. Riluzole, an antiglutaminergic, is currently the 
only available medication proven to slow the progression of ALS [4]. However, the 
majority of treatment is symptomatic including antispasmodics, antisialogues, breathing 
support, physical/occupational/speech therapy, nutrition, and palliative care.
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There are a number of anesthetic considerations in a patient with ALS (see 
Table 7.1). Avoidance of succinylcholine is imperative due to its association with 
hyperkalemic arrest/arrhythmias in patients with denervation and immobility. ALS, 
along with any state that causes denervation, induces the body to produce extrajunc-
tional acetylcholine receptors. It’s these receptors that have the potential to greatly 
add to the efflux of potassium from the cell when activated by succinylcholine.

Likewise, the use of acetylcholinesterase inhibitors should also be used with cau-
tion. Nondepolarizing paralytics may have a prolonged effect. The combination of 
bulbar dysfunction and decreased pulmonary control puts ALS patients at an 
increased risk of aspiration. These patients may also be overly sensitive to respira-
tory depressants, such as narcotics [5]. The muscular atrophy in ALS patients puts 
peripheral nerves at an increased risk of injury. Areas that were previously protected 
by muscle tone and bulk may now be exposed, depending upon the patient’s extent 
of disease. Careful documentation of all current skin breakdown and injuries is 
advised. Autonomic dysfunction may be seen in ALS patients. Orthostatic hypoten-
sion with tachycardia merits further workup.

 L-2: Contraindication to Succinylcholine

Succinylcholine is contraindicated in the setting of multiple medical conditions (see 
Table 7.2). First, patients with acute hyperkalemia, motor neuron diseases, myopa-
thies associated with an increase in creatinine kinase levels, and multiple/severe 
traumas have an increased risk of precipitating clinically significant hyperkalemia if 
succinylcholine is administered. Second, succinylcholine increases intraocular 
pressure; therefore, patients with closed-angle glaucoma or penetrating eye trauma 

Table 7.1 Anesthesia considerations for amyotrophic lateral sclerosis

System Anesthetic consideration

Cardiovascular Orthostatic hypotension and tachycardia may be a sign of autonomic 
dysfunction

Pulmonary Exaggerated respiratory depression with general anesthesia and other 
respiratory depressants (i.e., narcotics)
High risk of pulmonary aspiration, especially when bulbar signs/symptoms 
are present

Neuromuscular Susceptible to hyperkalemia with succinylcholine administration
Increased sensitivity to and prolonged action of nondepolarizing muscle 
relaxants
Regional anesthesia is not contraindicated
No increased risk for malignant hyperthermia

Positioning Care must be taken to document and protect all known ulcerations and skin 
breakdown
Muscular atrophy predisposes peripheral nerves to positioning injuries

Temperature Decreased muscle bulk predisposes to intra- and postoperative hypothermia

7 A Patient with ALS Requiring Intubation
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have an increased risk for optic nerve damage by severely increasing pressure on the 
nerve. Third, succinylcholine is a triggering agent for those at risk of having malig-
nant hyperthermia. Fourth, disorders of pseudocholinesterase can cause unpredict-
able metabolism of succinylcholine. In addition, succinylcholine should be avoided 
in any disease state causing extensive denervation of skeletal muscle, especially 
those associated with muscle atrophy because of the risk of hyperkalemia [6].

Hyperkalemia occurs due to the extracellular migration of potassium while the 
acetylcholine receptor is activated and opened (see Fig. 7.1). The more acetylcho-
line receptors that are present, the higher the serum potassium can potentially rise 
when depolarization occurs. A typical rise of serum potassium in a healthy person 
is 0.5–1 mmol/L. This number can be increased severely by the appearance of extra-
junctional acetylcholine receptors, as in crush injury, burns, and denervation 

Table 7.2 Contraindications to succinylcholine

Contraindication Why

Acute hyperkalemia Increases risk of clinically significant acute hyperkalemia
Closed-angle glaucoma Raises intraocular pressure in closed space-> direct pressure 

on optic nerve-> nerve damage/blindness
Penetrating eye trauma Raises intraocular pressure in open space-> extrusion of eye 

contents through penetrating injury
Malignant hyperthermia MH-triggering agent
Disorders of 
pseudocholinesterase

Unpredictable drug metabolism

Motor neuron diseases, skeletal 
denervation

Increases risk of clinically significant acute hyperkalemia

Multiple traumas (burns, crush 
injuries)

Increases risk of clinically significant acute hyperkalemia

Synaptic 
cleft

Cell 
membrane 

Binding 
site

Ion
channel

Cytoplasm

Receptor 
protein

Acetylcholine
Na+

Na+

Na+

K+

K+K+

Fig. 7.1 Effect of acetylcholine. Showing the binding of acetylcholine to its receptor. This allows 
for sodium (Na) to enter the cell and potassium (K) to exit the cell
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 diseases and injuries. It is these extrajunctional receptors that are responsible for the 
large-scale efflux of potassium into the extracellular and intravascular space.

This patient had ALS and was acidotic likely due to acute on chronic respiratory 
failure resulting in an increase in serum potassium. The patient’s serum potassium 
increased further due to depolarization of an increased number of extrajunctional 
acetylcholine receptors. In this setting, considering the patient’s likely need for pro-
longed intubation, administration of a rapid sequence dose of nondepolarizing 
neuromuscular- blocking agent (e.g., 1.2 mg/kg of rocuronium) would be the most 
appropriate medication to achieve muscle relaxation during endotracheal 
intubation.

 L-3: Treatment of Ventricular Tachycardia

Ventricular tachycardia secondary to hyperkalemia is treated with the same advanced 
cardiac life support (ACLS) protocol as with all other causes of ventricular tachy-
cardia; however there are a few points that deserve extra emphasis. Cardiopulmonary 
resuscitation (CPR), immediate defibrillation, and blood pressure support are the 
foundation of treatment (see Fig. 7.2). An emphasis on acutely decreasing serum 
potassium should be made (see L-4). If acute and temporary potassium-lowering 
measures are ineffective, emergent hemodialysis should be considered.

 L-4: Treatment of Hyperkalemia

Treatment of hyperkalemia involves three separate tenants (see Table 7.3):

 1. Decreasing myocardial excitability. Administering intravenous calcium (typi-
cally calcium chloride 1  g IV) helps decrease the myocardial excitability. 
Calcium is a cation that increases the voltage difference (membrane potential) 
between intracellular and extracellular voltage, thus stabilizing the myocardium 
and decreasing the likelihood to reach the threshold potential.

 2. Temporarily decreasing serum potassium levels. Interventions that temporarily 
decrease serum potassium include insulin treatment, beta-2 agonist administration, 
hyperventilation, and bicarbonate administration. Insulin (typically 10U IV) shifts 
extracellular potassium inside the cell via sodium-potassium (Na-K) ATPase activ-
ity [7]. Effects last on the order of a few hours. Glucose must be given in order to 
avoid hypoglycemia. Glucose 25 g IV can also be given independently resulting in 
release of endogenous insulin. Intracellular potassium is important for sympathetic 
activity and neuron excitability. Beta-2 agonists (albuterol 4 puffs via ETT, epi-
nephrine 10–100  MCG IV) promote the intracellular movement of potassium. 
Hyperventilation promotes a respiratory alkalosis, which shifts potassium intracel-
lularly. As a rule of thumb, an increased pH of 0.1 units will result in a decrease of 
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CPR Quality
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Fig. 7.2 ACLS cardiac arrest algorithm. The American Heart Association Advanced Cardiac Life 
Support algorithm for tachyarrhythmias. Special attention should be paid to synchronized cardio-
version. (Reprinted from Neumar et al. [8]. With permission from Wolters Kluwer Health Inc.)
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0.5–1.5 mEq change in serum potassium. Bicarbonate (1 ampule or 44.6 mEq IV) 
shifts potassium intracellularly via its effect on serum pH. However, administra-
tion of bicarbonate during hyperkalemic ventricular tachycardia is controversial 
due to the concomitant decrease in serum calcium levels (and a concomitant 
increase in myocardial excitability) with bicarbonate administration. It is impor-
tant to note that these temporary measures to reduce serum potassium all have 
unpredictable short-lived effect. Measurement of serum potassium with regular 
arterial blood gases (ABG) is of utmost importance.

 3. Extracellular potassium elimination. This is accomplished via hemodialysis, 
oral binding agents (e.g. kayexalate 15–60  g PO), loop diuretics (furosemide 
20–100 mg IV), and mineralocorticoid medications (e.g. fludrocortisone 50 mg 
IV). Hemodialysis should be considered when the underlying cause of hyperka-
lemia cannot be corrected with other measures. It should be noted that hemodi-
alysis can be time-intensive to start and cause large fluid shifts which may not be 
tolerated in many hyperkalemic patients.
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Table 7.3 Treatment of hyperkalemia

Tenant Treatment

↓ Myocardial 
excitability

CaCl 0.1 mg–1 mgIV

↓ K+ levels 
(temporize)

Insulin 10 units IV with glucose 25 g, albuterol 4 puffs via endotracheal tube, 
hyperventilation (EtCO2 goal 30), sodium bicarbonate 1 ampule or 44.6 mEq 
IV, epinephrine 10–25 mcg IV

↑ K+ 
elimination

Hemodialysis, binding agents (kayexalate 15–60 g PO), loop diuretics IV 
(furosemide 20–100 mg IV), mineralocorticoid IV (fludrocortisone 50 mg IV)
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Chapter 8
Blowtorch Airway Fire

Kimberly A. Pollock and Jonathan L. Benumof

 Case Summary

This is a case of a patient with a vocal cord lesion presenting for CO2 laser ablation 
of the lesion, which resulted in a blowtorch fire of the patient’s airway. The patient 
is now ventilator dependent and will never breathe, speak, or eat again on his own. 
In order to understand airway fires, a general knowledge of the three components 
needed to start a fire (ignition source, oxidizer, fuel) is necessary (see Lesson 1 
[L-1]).

 Case Specifics

The specifics of the case are as follows: A 64-year-old male, 6′0″, 110 kg with a 
body mass index (BMI) of 34 was undergoing left vocal cord ablation by CO2 laser. 
The patient had undergone a right upper lobectomy for carcinoma and was placed 
on a ventilator for 1 week postoperatively. He was successfully weaned from the 
ventilator but suffered from hoarseness and was found to have a left vocal cord 
lesion. The patient was scheduled for a CO2 laser resection of the left vocal cord 
lesion. Patient’s medical history, physical exam, and airway exam were normal 
other than a room air saturation of 92% on room air (likely due to COPD).

The patient was taken to the operating room, routine monitors were placed, 
and the patient underwent an intravenous induction of anesthesia. The patient 
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was  adequately ventilated via mask with a fraction of inspired oxygen (FIO2) of 
1.0. The patient was then appropriately paralyzed and ready for intubation (see 
Lesson 2 [L-2]).

The patient was intubated with a 5.0  mm internal diameter (I.D.) Medtronic 
laser-resistant (L-R) endotracheal tube (ETT) (see Lesson 3 [L-3]). The ETT was 
placed so that the 21 cm mark was at the upper incisor and the cuff was filled with 
saline from a 5 cc syringe (see Lesson 4 [L-4] and Lesson 5 [L-5]). An FIO2 of 1.0 
was used due to patient’s obesity, long smoking history, COPD, and a room air satu-
ration of 92% (see Lesson 6 [L-6]). An attempt was made to block the cuff with 
saline-soaked pledgets (see Lesson 7 [L-7] and Lesson 8 [L-8]). The laser beam 
went medial to the vocal cords, hitting the L-R ETT cuff so that the distal high O2 
concentration gas spilled out into the laser beam and surgical field (see green area 
in Fig. 8.1) and so that the non L-R part of the ETT was exposed to the laser beam. 
The next laser beam hit the non L-R part of the ETT in the 100% O2 environment 
resulting in a blowtorch fire (see Fig.  8.2). Smoke then billowed up out of the 
patient’s mouth (see Fig. 8.3). The laser beam energy used in this case was unclear 
(see Lesson 9 [L-9]).

The operating room table was first turned 180° so that the head of bed was near 
the anesthesiologist. The L-R ETT was then removed; however, approximately 
1–2 min more of the ETT burning within the oropharynx (OP), laryngopharynx (LP), 

Part 1
Qualitative description

Laser beam hits cuff,
100% O2 in airway
distally and proximally

Fig. 8.1 Sagittal view of the airway with the laser beam striking the cuff thereby allowing 100% 
oxygen (represented in green) to spill out into the laser beam and surgical field
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Part 1
Qualitative description

Next laser beam pulse causes
blow torch (sustained

flame) results

37

Fig. 8.2 Sagittal view of the airway after the laser beam has ruptured the cuff in the presence of 
100% oxygen, causing ignition of the airway and blowtorch fire (represented in yellow)

Part 1
Qualitative description

Blow torch (sustained flame)
results

Smoke billows from
trachea, pharynx

and mouth

38

Fig. 8.3 Sagittal view of the airway after the laser beam has ignited the ETT resulting in a blow-
torch fire and smoke (represented in white/gray) billowing from the trachea, laryngopharynx, and 
oropharynx
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and tracheobronchial tree (TBT) occurred, while the OR table was being turned. A 
new ETT was placed, and fiber-optic bronchoscopy was performed which revealed 
extensive damage to the OP, LP, proximal esophagus, trachea, main stem bronchi, 
and even lobar bronchi (see Lesson 10 [L-10]). The patient remains ventilator depen-
dent, never able to breathe, cough, speak, or eat again on his own.

 Lessons Learned

 L-1: What Are the Components Needed to Start  
and Maintain a Fire?

Components needed to start a fire include an ignition source, an oxidizer, as well 
as fuel for the fire (see Fig. 8.4). In this particular case, the ignition source was 
the laser, the oxidizer was 100% oxygen, and the fuel was the ETT and airway 
tissues. Examples of different components required to start a fire are outlined in 
Table 8.1.

Oxidizer
(O2)

Fuel (ett)

In order
to have
a fire
need

Ignition
source
(Laser
beam)

Fig. 8.4 The fire triangle: components necessary in starting and maintaining a fire. Ignition source 
includes things like a laser beam, a spark, and electrocautery; in this case it was a laser beam. 
Oxidizer includes oxygen and nitrous oxide; in this case it was high O2 concentration. Fuel 
includes items such as an endotracheal tube, tissue, blood, secretions, dry pledgets, operating room 
drapes, and blankets; in this case the major source of fuel, by far, was the ETT
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 L-2: What Types of CO2 Laser Resistant (L-R) Endotracheal 
Tubes Are Available?

There are various laser-resistant (L-R) endotracheal tubes (ETT) available for use. 
The two most common endotracheal tubes in use at UCSD are the Medtronic 
Xomed Laser-Shield II and Mallinckrodt Laser-Flex, and therefore these tubes will 
be discussed in more detail. The Rusch Lasertubus is a third ETT that is used at the 
Veterans Association Medical Center and will also be addressed here. Saline should 
be used to fill all cuffs of all L-R ETTs; saline acts as a laser beam heat/energy 
absorbent, which is the principle mode of action of the saline. An indicator dye in 
the saline is highly desired when using the Medtronic and Mallinckrodt L-R ETTs. 
The purpose of the dye is to indicate whether or not the laser has damaged the cuff. 
In theory, if the cuff is damaged, the released dye should be visible either in the 
surgical field or on the pledgets. When using the Medtronic Xomed Laser-Shield II 
(see Figs. 8.5a and 8.6), methylene blue indicator powder is already present in the 

Table 8.1 Commonplace examples of ignition sources, oxidizers, and fuel sources in creating a 
fire

Ignition sources Oxidizer Fuel sources

Lasera Oxygena Tracheal tubesa

  Electro-surgical or electro-
cautery devices

  Nitrous oxide   Sponges

  Heated probes   An oxidizer-enriched 
atmosphere commonly 
exists within closed or 
semi-closed breathing 
systems

  Drapes
  Drills and burrs   Gauze
  Argon beam coagulators   Alcohol containing solutions
  Fiber-optic light cables   Ether
  Defibrillator paddles or pads   Acetone

  Oxygen masks
  Nasal cannulae
  Patient’s hair
  Dressings
  Ointments
  Gowns
  GI tract gases
  Blankets
  Suction catheters
  Flexible endoscopes
  Fiberoptic cable coverings
  Gloves
  Packaging materials

Based on data from Ref. [2]
aComponents of the fire in this case in red
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pilot balloon so that saline can be easily injected to inflate the cuff while at the same 
time filling the cuff with indicator dye (see Fig. 8.5b). Advantages of the Medtronic 
L-R ETT include indicator dye already present in the pilot balloon, and the Teflon 
L-R coating on the ETT is soft; however, disadvantages include the fact that there is 
only one cuff, causing potential for an airway fire if this cuff does not fully seal or 
is ruptured by the laser beam (see Fig. 8.7). When using the Mallinckrodt Laser- 
Flex L-R ETT, there are two cuffs present (see Figs. 8.8a and 8.9). The proximal 

Medtronic L-R ETT 24.5 cm mark
of 6.0 ID L-R

ETT

Laser resistant
aluminum wrap

White teflon
outer coating

Blue dye/saline in
single cuff

a

b

Fig. 8.5 (a) Medtronic L-R ETT with dried methylene blue indicator in pilot balloon. (b) 
Medtronic L-R ETT with saline mixed methylene blue indicator dye in cuff
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cuff is filled with indicator fluid (0.2–0.4 cc of methylene blue or indigo carmine 
dye is diluted into 10 cc of normal saline), while the distal cuff is inflated with clear 
saline (see Fig. 8.8b). If there is a breach in the cuff, caused by the laser beam, it will 
insult the proximal cuff first, spilling dye into the surgical field or onto the pledgets. 
If this is recognized, there is still a distal cuff that is inflated with saline, which 
continues to prevent the oxygen in the lungs from mixing with the laser beam igni-
tion source and ETT and starting an airway fire. The double cuff design of the 

Non laser
resistant

part of
Medtronic

tube

Bevel

Murphy eye

Single cuff

Laser resistant
aluminum wrap
covered with
white Teflon

Fig. 8.6 Schematic of the Medtronic Xomed Laser-Shield II Endotracheal Tube

Medtronic – single cuff
Advantages &
disadvantages

With single cuff,
there is no additional

protection from
laser beam

hit cuff
no cuff, cuff leak and
exposure of non-LR
part of tube to next

laser beam +
distal F1O2

Teflon
smoother

Advantages
and

disadvantages

Methylene blue dye
is in the pilot

ballon, so

Automatically
goes the single cuff

with saline.
=EASY

Fig. 8.7 Schematic displaying the advantage and disadvantages of the Medtronic Xomed Laser- 
Shield II ETT. Advantages are shown in green; disadvantages are shown in red
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Stainless steel shaft Double cuff

Indicator dye

Saline in distal cuff

Indicator dye

Saline in distal cuff

Mallinkcrodt L-R ETT ~24 cm mark of
6.0 ID tube

Fig. 8.8 (a) Mallinckrodt L-R ETT with 0.4 cc methylene blue mixed with 9.6 cc saline in a 10 cc 
syringe attached to pilot balloon. (b) Left: Proximal cuff inflated with 10 cc of indicator/saline 
mixture. Right: Distal cuff inflated with 10  cc saline, in addition to proximal cuff containing 
indicator

Mallinckrodt L-R ETT is advantageous because the proximal cuff protects the distal 
cuff from the laser beam and the distal cuff protects the proximal cuff from a leak if 
the laser beam ruptures the proximal cuff (see Fig. 8.10). Disadvantages of this ETT 
include the fact that indicator dye is not already present in the pilot balloon and must 
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be injected by the anesthesiologist. Furthermore, the L-R metal coating is rougher 
than the Teflon of the Medtronic L-R ETT, and there is potential for damage to the 
airway (see Fig.  8.10). The third type of laser-resistant tube available to UCSD 
anesthesiologists is the Rusch Lasertubus. This L-R ETT is made of soft white rub-
ber, reinforced with corrugated copper foil and an absorbent sponge. The absorbent 
sponge must be heavily wetted with normal saline in order to offer laser resistance. 
It is fitted with a double cuff design that offers protection against airway fires (see 
Figs.  8.11, 8.12, and 8.13). The double cuff design of the Lasertubus offers an 
advantage similar to that of the Mallinckrodt L-R ETT in that if the outer cuff is 
ruptured, the inner cuff protects against oxygen mixing with the laser beam; how-
ever, this L-R ETT has an extremely larger outer diameter not desirable for airway 

Non laser
resistant

part of
Mallinckrodt

tube

Bevel

Murphy eye

Double
Cuff

Laser resistant
metal wrap

Fig. 8.9 Schematic of the Mallinckrodt Laser-Flex Endotracheal Tube

Advantages
and

disadvantages

Proximal cuff
protects

distal cuff
from laser

beam.

Distal cuff
protects
proximal
cuff from
cuff leak.

Need to fill cuff with
your own methylene

blue (or indigo
carmine) tinted 

saline.

Metal
rougher

Mallinkcrodt – Double cuff
Advantages & disadvantages

Fig. 8.10 Schematic displaying the advantage and disadvantages of the Mallinckrodt Laser-Flex 
ETT. Advantages are shown in green; disadvantages are shown in red

8 Blowtorch Airway Fire



156

Laser resistant foam surrounds the lower
17cm of the tube, proximal to the cuff

Pilot balloon for
inner cuff

Pilot balloon for
outer cuff

Fig. 8.11 Rusch Lasertubus ETT

Non laser
resistant
part of
rusch
ETT

Bevel

Murphy eye

Outer cuff

Inner cuff

Heavily
wetted L-R
sponge foam

Fig. 8.12 Schematic of the Rusch Lasertubus Endotracheal Tube

K. A. Pollock and J. L. Benumof



157

cases in which the surgeons need room in their surgical field (see Fig. 8.14). Some 
physical characteristics and a concise summary of the advantages and disadvantages 
of all three endotracheal tubes are displayed in Table 8.2. Other L-R ETTs include 
the Norton Laser ETT, the Binona Laser ETT, and the Sheridan Laser-Trach ETT. 
Descriptions of these ETTs and their advantages and disadvantages can be found in 
Benumof and Hagberg’s book, Airway Management [1].

Inner and
outer
cuffs

filled with
saline

Very large
outer

diameter

Fig. 8.13 Rusch Lasertubus ETT with both inner and outer cuffs inflated with saline

Rusch – Double cuff
Advantages & disadvantages

Outer cuff
protects inner
cuff from laser

beam

Non L-R
portion of

ETT exposted
if outer cuff is
ruptured by
laser beam

Inner cuff
protects outer
cuff from cuff

leak

Very large
outer

diameter

If L-R sponge
dries out �

Sponge
becomes

vulnerable to
fire from laser

Fig. 8.14 Schematic displaying the advantage and disadvantages of the Rusch Lasertubus 
ETT. Advantages are shown in green; disadvantages are shown in red
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 L-3: What Size L-R ETT Should Be Used for Laser  
Surgery of the Airway?

This is an important issue because ETT size dictates the quality of surgical 
exposure, how big a target for the laser beam the cuff is, the contact area of the 
cuff with the trachea (determining quality of cuff seal), and the resistance and 
pressure related to airflow through the ETT. All of these clinical concerns must 
be considered when choosing a tube size. Advantages and disadvantages of 
using a both too small and too large a tube are illustrated in Figs. 8.15, 8.16, and 
8.17. In general, a size 5.5 I.D. L-R ETT is a good compromise between anes-
thesia and surgical goals (at odds with one another in several of the aforemen-
tioned respects) in an averaged-sized adult (see advantages and disadvantages in 
Figs. 8.15, 8.16, and 8.17).

 L-4: At What Depth Should the ETT Be Placed?

It is important to note the distance of the green marking on the Medtronic L-R ETT 
so that you have a reference point for depth of intubation. The green mark on a 6.0 
Medtronic ETT is approximately 24.5 cm from the distal tip (see Fig. 8.6a). When 
using the Mallinckrodt L-R ETT, it is a good idea to first mark a distance, for exam-
ple, 24 cm, from the distal end of the ETT with pink tape so that, again, you have a 
reference point for depth of insertion after direct laryngoscopy and L-R ETT place-
ment. If the ETT cuff is too close to the vocal cords, you run the risk of cuff rupture 
caused by the laser beam (left side of Fig. 8.18). However, placing the ETT too deep 
runs the risk of causing a main stem bronchial intubation. Ideally, the L-R cuff 
should be positioned so that the tip of the L-R ETT is just above the carina (i.e., 
1–2 cm) so that the cuff is far away from the vocal cords (see right side of Fig. 8.18) 
and difficult to hit with the laser beam.

Table 8.2 Summary of advantages and disadvantages of the various L-R ETTs

Laser-resistant 
ETT

Inner diameter 
(mm)/outer 
diameter (mm)

Compatible 
laser types Advantages Disadvantages

Medtronic Xomed 
Laser-Shield II

6.0/9.0 CO2 Dried methylene blue 
already present in 
pilot balloon

Only single cuff
KTP

Mallinckrodt 
Laser-Flex

6.0/8.5 CO2 Double cuff Need to inject 
indicatorKTP

Rusch Lasertubus 6.0/10.8 CO2 Double cuff Large outer 
diameterNd:YAG

Ar Made of latex

CO2 carbon dioxide, KTP potassium titanyl phosphate, Nd:YAG neodymium/yttrium-aluminum- 
garnet

K. A. Pollock and J. L. Benumof
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Small tube: Advantages &
disadvantages

Cuff is bigger
targetTube far from

vocal cord = Good
surgical exposure Poor seal

with cuff at
high

volume?

Rairw,
Pairw,

?     F1O2

Corniculate
cartilage

Subglottic
perimeter of cuff

Lesion on
left

vocal
cord

Fig. 8.15 Schematic displaying advantages and disadvantages of using a smaller L-R 
ETT. Advantages are shown in green; disadvantages are shown in red

A cuff at low volume

Shape of
cuff =

Cylinder

Shape of cuff = Cylinder

to more spherical

to ellipse

Surface area of
               contact

Risk of leak

A cuff at high volume

Fig. 8.16 Schematic displaying what happens to the shape of the cuff as more volume is used for 
inflation
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Large tube: Advantages &
disadvantages

Cuff is small
target

Poor surgical
exposure Good seal

with cuff at
lower

volume

Rairw,
Pairw,

?     F1O2

Corniculate
cartilage

Subglottic
perimeter of cuff

Lesion on
left

vocal
cord

Fig. 8.17 Schematic displaying advantages and disadvantages of using a larger L-R 
ETT. Advantages are shown in green; disadvantages are shown in red

If the cuff is near the vocal cord

Then the cuff is an easier
target for the laser beam.

Then risk of laser beam
hitting cuff is much lower.

If the cuff is far away from the vocal cord

Cuff near
vocal
cords LR tube

Cuff far away
from vocal

cords LR tube

Fig. 8.18 Schematic displaying the cuff’s proximity to the vocal cords (and therefore laser beam) 
when the L-R ETT is placed at a more shallow depth (Left) vs. when the L-R ETT is advanced 
more deeply and sits closer to the carina (Right)
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 L-5: How Much Saline with Dye Indicator Should  
Be Placed in Cuff?

Leakage of any increased percentage of FIO2 around the cuff and into the surgical 
and laser beam field could result in a blowtorch fire disaster; therefore, there is no 
benefit in a “just seal” volume of saline/dye in the cuff. The benefit of avoiding 
mucosal damage in these short cases is near zero, and the risk is infinite. According 
to the package insert for the Medtronic Laser-Shield II, a minimum of 3 cc of nor-
mal saline put into the pilot balloon in order to inflate the cuff is necessary to obtain 
maximal amount of indicator mixing and color in the cuff. Ten cubic centimetre of 
normal saline was used for the above photographs. A reasonable and appropriate 
end point for inflation of the L-R ETT cuff would be a somewhat more tense feel of 
the pilot balloon on palpation with the fingertip, keeping in mind the risks/benefits 
of under filling the cuff.

 L-6: What FIO2 Should Be Used?

Oftentimes, patients undergoing procedures involving their airways do not have 
oxygen saturations that are within normal limits (WNL). It is important to note the 
patient’s preoperative oxygen saturation (SpO2), but it is not imperative for these 
patients to maintain an SpO2 that is within normal limits when their baseline SpO2 
values are less than WNL. In this case, the patient’s baseline room air saturation 
was 92%; however, an FIO2 of 1.0 was used during the laser ablation case in an 
attempt to raise the patient’s intraoperative O2 saturations. In hindsight, the risk of 
airway fire greatly outweighs the risk of desaturation, even to a value of less than 
92%. According to the 2013 Practice Advisory for Prevention and Management of 
Operating Room Fires, one should “reduce the oxygen concentrations to the mini-
mum required to avoid hypoxia. For oxygen dependent patients, reduce supple-
mental oxygen delivery to the minimum required to avoid hypoxia. Monitor 
oxygenation with pulse oximetry, and if feasible, inspired, exhaled, and/or deliv-
ered oxygen concentration” [2]. We recommend decreasing FIO2 to 0.21 or until 
SpO2 is 90 ± 2%, whichever occurs first. Any FIO2 above 0.21 progressively causes 
(with ignition source and fuel) a fire that starts faster and more easily, will have an 
increased surface area, and burns hotter therefore causing more damage at the site 
of burn. Thus, the severity of injury due to a fire, in every respect, is directly 
related to FIO2. If 100% O2 is intermittently used between laser firings, it is impor-
tant to understand that when the FIO2 is decreased from one level to another, the 
FIO2 and end tidal O2 (FETO2) decrease exponentially, and the FEN2 increases 
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exponentially, and to have an understanding of the number of breaths, it takes to 
get the patient’s FIO2 and FETO2 to decrease toward 0.21 and 0.16, respectively, 
when changing the FIO2 from 1.0 to 0.21 (see Table 8.3). Both the FIO2 and FETO2 
are relevant to this discussion. If the laser beam hits the cuff during inspiration, 
then the O2 that spills out is the FIO2. If the laser beam hits the cuff during exhala-
tion, then the O2 concentration that spills out is the FETO2. In general, with a small 
functional residual capacity (FRC) and large tidal volumes (TV), it takes approxi-
mately eight breaths to get FIO2 to decrease from 1.0 to 0.21 and FETO2 to 
decrease from 0.95 to 0.16. With a large FRC and small TV, it takes more than 
eight breaths to reach an FIO2 of 0.21 and FETO2 of 0.16. The more breaths you 
administer and the longer you wait, the safer the situation is, especially if nitrous 
was being used (nitrous oxide, being more soluble in blood than O2, takes longer 
to wash out). It is important to communicate with the surgeons that the change in 
FIO2 and FETO2 is not immediate and some patience must be exercised (e.g., a 
minute) in order to continue safely.

 L-7: Should Nitrous Oxide Be Used?

The answer to the L-7 question is “NO.” Nitrous oxide is almost as good an oxidizer 
as oxygen and also supports combustion almost as well as oxygen. The package 
inserts for these laser-resistant endotracheal tubes warn against the use of nitrous 
oxide for the dilution of oxygen and state that, “nitrous oxide is a flammable gas and 
may result in ignition and serious patient injury” [3].

 L-8: What Is the Purpose of Saline-Soaked Blocking Pledgets?

Saline-soaked blocking pledgets are placed by the surgeon proximal to the ETT cuff 
in order to serve as a heat sink (main mechanism of action) as well as a mechanical 
barrier (minor mechanism of action) to absorb the laser beam (see Fig. 8.19). The 
utility of moistened pledgets in preventing or delaying cuff ignition from CO2 laser 
exposure has been confirmed [4].

Table 8.3 End tidal O2% 
after set number of delivered 
breaths with fixed FRC and 
TV

After breath (number) End tidal O2 (%)

1 73
2 55
3 43
4 33
5 28
6 25

Assume functional residual capacity = 2 l and tidal volume = 1.0 l. 
Suddenly switch 100% O2 to 21% O2 (room air)
FRC functional residual capacity, TV tidal volume
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 L-9: What Should the Laser Beam Be Set at to Provide 
Maximum Safety?

Laser beam energy is measured in joules. Joules are calculated by multiplying watt-
age by time (Joules = Watts X Time). It takes 2 J of energy to rupture an ETT cuff. 
Therefore, a laser beam firing at 20 W for 0.1 s has an energy level of 2 J. In order 
to minimize the ignition source, the laser beam should be in short-pulsed mode and 
≤18 W. Figure 8.20 demonstrates the difference in joules when a laser is fired con-
tinuously vs. pulsed; obviously, the area under the square wave of a long pulse (i.e., 
the joules/energy of the pulse) (left side of Fig. 8.20) is much greater than the area 
under the square wave of any given short pulse (right side of Fig. 8.20).

Non laser
resistant

part of
MT-LS-II

tube

1. Absorb laser
    beam energy
    (heat sink)
2. Mechanical block

Blocking pledgets

Saline soaked
blocking
pledget

should be used

Bevel

Murphy eye

Right vocal
cord

MT-LS-II tubebeam

Laser resistant
part of MT-LS-II
tube

Mainstem bronchi
going to lungs

Proximal /  of tracheal wall1
2

Laser

O2 O2

Cuff

Fig. 8.19 Schematic displaying the Medtronic Xomed Laser-Shield II (MT-LS-II) with saline- 
soaked blocking pledget in place proximal to the ETT cuff. The red arrows represent the laser 
beam striking the vocal cord lesion, the pledget, as well as the L-R part of the ETT

Laser beam energy
Joules = Watts X Time

VS

Time

W
at

ts

Continuous mode

Very high joules Very low joules

Pulsed mode

Fig. 8.20 Watts vs. time 
representation of laser 
beam energy (joules) when 
administered in a 
continuous mode (left) and 
pulsed mode (right)
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 L-10: What to Do If an Airway Fire Occurs?

The practice advisory for the prevention and management of operating room fires 
outlines what to do in the case of an airway fire (see Fig. 8.21). Upon realization that 
an airway fire has occurred (see Figs. 8.1, 8.2, and 8.3), the surgeon must first turn 
off the laser (remove ignition source, Fig. 8.4). Next, the L-R ETT must be removed 
from the patient’s airway (remove fuel; see Fig. 8.4). This can be a difficult maneu-
ver for an anesthesiologist who may feel hesitant to remove a secured airway in a 
patient who may be difficult to re-intubate; however, the ETT is serving as fuel for 
the airway fire and must be removed promptly. The surgeon, or whoever is at the 
head of the bed, should pull the ETT if appropriate. Simultaneous with ignition 
source and laser beam removal, any O2 above room air should be shut off, thereby 
removing the oxidizing source. Turning the bed 180° should immediately follow 
ignition, fuel, and O2 removal. If possible, put or spray saline on any remaining 
burning site and re-intubate the patient. A flexible bronchoscopy should then be 
performed to assess airway damage (see Figs. 8.1, 8.2, and 8.3 as well).

The mandate to remove the L-R ETT is not absolutely inviolate. There is one 
case report in which the ETT was not removed upon discovery of an airway fire. 
Chee and Benumof describe a patient scheduled for an elective tracheostomy whose 
airway evaluation revealed “an in situ 8-mm-ID polyvinyl chloride (PVC) ETT, 
swollen lips, an edematous tongue protruding out of the mouth, and an oropharynx 
filled with secretions.” General anesthesia was induced, and the patient was admin-
istered 100% oxygen immediately before insertion of the tracheostomy tube. Shortly 
thereafter, surgeons noted a blue flame emerging from the patient’s neck. The 
breathing circuit was disconnected from the ETT, and saline was flushed in the 
ETT. The fire was extinguished promptly. The ETT was not removed because the 
ability to re-intubate was uncertain. Despite a leak around the perforated cuff, the 
seal was sufficient to generate a peak inspiratory pressure of 20 cm H2O. Meanwhile, 
the surgeons were able to insert a tracheostomy tube into the trachea [5].

In the case being reported herein, the operating room table was turned first, thus 
leading to delay in removing the ETT. Furthermore, 100% O2 was being used which 
resulted in an airway fire that was larger, hotter, and more sustained than if a lower 
FIO2 had been used. The extent of damage to the airway was catastrophic (see 
Figs. 8.22, 8.23, and 8.24).

What to do if an
Airway Fire Occurs

1. Turn off laser (Remove ignition source)
2. Remove endotracheal tube (Eliminate fuel source)
3. Switch to room air (Turn off oxidizer)
4. Douse with saline over any burning area
5. Place new endotracheal tube
6. Perform fiberoptic bronchoscopy of airway to
    assess damage

Fig. 8.21 Steps to take if 
an airway fire occurs
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Fig. 8.22 Fiber-optic view of proximal trachea through new ETT following airway fire

Fig. 8.23 Fiber-optic view 
showing foreign body 
(ETT tip) lodged in the left 
main stem bronchus
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Chapter 9
Anesthetic Implications of Duchenne 
Muscular Dystrophy and the Surgical 
Repair of Scoliosis

Sonya M. Seshadri, Karim T. Rafaat, and Alyssa Brzenski

 Case Presentation

A 9-year-old boy (Wt 20 kg, Ht 44 in.) with Duchenne muscular dystrophy (Lesson 
I, a–b) presented for posterior spinal fusion and instrumentation of T6-L3 (Lesson 
IV and V). His medical history was remarkable for progressive muscle weakness 
which had left him wheelchair-bound, progressively declining pulmonary function, 
and thoracolumbar kyphoscoliosis (Lesson III). Preoperative forced vital capacity 
(FVC) was 40% of predicted. An echocardiogram performed 2 months prior to the 
day of surgery showed an ejection fraction of 56%, no valvular abnormalities, and 
some mild-moderate left ventricular diastolic dysfunction (Lesson Ic).

Induction of anesthesia and intubation proceeded uneventfully and were fol-
lowed by placement of a radial arterial line, two 20 gauge peripheral intravenous 
catheters, and a triple lumen central venous catheter. The patient was then posi-
tioned prone. Anesthesia and analgesia were maintained with propofol and remifen-
tanil infusions (Lesson II). Somatosensory evoked potentials (SSEPs) were 
monitored during the case (Lesson Va).

Due to ongoing surgical blood loss, the hematocrit (Hct) decreased to 25% from 
a preoperative Hct of 32%. One unit packed red blood cells (pRBCs) was then trans-
fused. Later during the dissection, mean arterial pressures (MAPs) fell from above 
70 to 40 mmHg over 7–10 min (Lesson Vb, Vc). This was associated with loss of 
SSEPs in the patient’s bilateral lower extremities. Over the next 15 min, multiple 
boluses of ephedrine and Neo-Synephrine were given, and a dopamine infusion was 
started. A second unit of blood and 400 mL 5% albumin were also given. Both the 
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MAPs and SSEPs returned to baseline. The final hematocrit was approximately 
30%. The surgery was completed without further issue, and the patient was 
 transported to the pediatric intensive care unit intubated and sedated. Upon recov-
ery, the patient exhibited no neurological deficits.

 Lesson I: What Is Duchenne Muscular Dystrophy?

 Epidemiology

Duchenne muscular dystrophy (DMD) is the most common hereditary neuromuscular 
disease worldwide. It has an incidence of 1:3600 male births and affects all races and 
ethnic groups [1, 2]. The disease is inherited as an X-linked recessive trait; however, 
30% of mutations are caused by spontaneous mutations, and therefore the mother is 
not a carrier [1]. The onset of muscle weakness occurs around 2–3 years of age and 
then progresses to a wheelchair-bound state before the early teen years. Definitive 
diagnosis is made with a combination of elevated creatinine kinase levels, genetic test-
ing, and muscle biopsy. There is currently no cure for DMD, and the mean age of 
death is 19 in the absence of supportive interventions. However, with appropriate glu-
cocorticoid therapy, focused surgical management, and significant cardiac, respira-
tory, and physical rehabilitation, patients may survive into the fourth decade of life [2].

 Pathophysiology

Muscular dystrophy is a progressive, inherited disease of muscle tissue character-
ized by degeneration or death of muscle fibers. The mutation responsible for DMD 
(usually a deletion) occurs at the p21 locus on the X chromosome, which carries a 
large gene that codes for the protein dystrophin. Dystrophin is a critical protein that 
maintains the integrity of both the sarcolemma (cell membrane) and cytoskeleton in 
skeletal, brain, retinal, and cardiac muscle cells [1].

Clinically, DMD is usually asymptomatic at birth and infancy. Gross motor skills 
and walking typically develop normally. Poor head control may be an early sign of 
the disease. Subtle signs of hip girdle weakness and Gowers’ sign (a patient using 
his arms to assist with standing from a sitting or squatting position to compensate 
for weak hip and thigh muscles) may be present by 2–3 years of age. Common pre-
sentations in toddlers and younger children include trouble walking up and down 
stairs or running, falling, and developmental delay. One of the hallmark clinical 
findings is pseudohypertrophy of the calves due to replacement of muscle tissue 
with connective tissue such as fat and collagen. As muscle weakness progresses, 
most patients are wheelchair-bound by ages 7–10. Patients may remain fully or 
partially ambulatory in the early teen years with bracing, physical therapy, and 
minor orthopedic surgery [1, 2].

S. M. Seshadri et al.
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 Medical Conditions Associated with Duchenne  
Muscular Dystrophy

Because dystrophin is an important protein in cells of multiple organ systems, 
patients with DMD have many conditions associated with their clinical presentation 
(Fig. 9.1). Dystrophin deficiency in cardiac myocytes leads to muscle fiber degen-
eration, accumulation of intracellular calcium, and microvascular changes. These 
changes cause ischemia and render the myocardium metabolically and structurally 
abnormal [3]. Cardiomyopathy is seen in 50–80% of patients with DMD, leading to 
persistent tachycardia and heart failure. Notably, cardiomyopathy does not correlate 
well to the degree of skeletal muscle weakness [1]. Once a patient is no longer 
ambulatory, joint contractures and scoliosis rapidly progress. Without glucocorti-
coid therapy, a patient with DMD has a 90% chance of developing progressive 
scoliosis [4]. As it progresses in severity, thoracic scoliosis can cause significant 
compression of the heart and lungs [1]. Pulmonary and pharyngeal muscle dysfunc-
tion can also be present and lead to ineffective cough, nocturnal hypoventilation, 
and frequent respiratory infections [5]. Other medical problems common in DMD 
include intellectual impairment, retinal disease, gastroesophageal reflux, obesity, 
and osteoporosis [1] (Table 9.1).

Skeletal muscle effects:
• Proximal muscle weakness → difficulty walking,
  joint contractures, scoliosis
• Pharyngeal and respiratory muscle weakness →
  ineffective cough, hypoventilation → aspiration,
  frequent lung infections

Extramuscular effects:
• Cognitive impairment
• Retinal disease

Cardiac effects:
• Tachycardia
• Cardiomyopathy

ECG
abnormalities

Diastolic
dysfunction

Fibrosis
on MRI

Dilatation of
cardiac cavities

Systolic
dysfunction

End-stage
heart failure

Disease severity

Dystrophin deficiency
in Duchenne

muscular Dystrophy

Fig. 9.1 Various organ systems affected by dystrophin deficiency in DMD. (Adapted from 
Finsterer and Cripe [85]. With permission from Nature Publishing Group)
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 Lesson II: What Are the Anesthetic Implications of Duchenne 
Muscular Dystrophy?

 Airway Management

Patients with DMD may have a difficult airway due to a large tongue from muscle 
tissue hypertrophy, craniofacial abnormalities from muscle degeneration, and diffi-
culty with supine positioning due to severe spinal deformities [1, 5]. Furthermore, 
these patients suffer rapid arterial oxygen desaturation on induction due to decreased 
pulmonary reserve from physical compression of the lungs caused by scoliosis and 

Table 9.1 Anesthesia for patients with Duchenne muscular dystrophy

Organ system Consideration Preparation

Airway Possible difficult airway due to 
tongue hypertrophy and limited 
neck and back mobility

Immediate availability of advanced airway 
equipment

Pulmonary Decreased pulmonary reserve 
and lung volumes due to 
compression of lungs from 
thoracic scoliosis

Preoxygenation, backup airway plan 
formulated in advance, careful awake 
extubation

Weak cough and inspiratory 
effort due to muscle weakness

Proactive management of secretions, use of 
cough assist devices and NIPPV after 
extubation

Cardiac Cardiomyopathy from 
metabolically and structurally 
abnormal cardiac myocytes

ECHO and EKG within 1 year of surgery to 
evaluate for tachycardia, arrhythmias, and 
depressed ventricular function; TEE can be 
used for intraoperative evaluation

Gastrointestinal Aspiration risk from 
gastroesophageal reflux and 
abnormal gastrointestinal 
motility

NPO guidelines, decompress stomach with 
NG or OG tube

Endocrine Adrenal suppression from 
chronic steroid therapy

Stress dose steroids may be needed

Obesity from physical inactivity Medication dosing based on ideal body 
weight

Musculoskeletal Contractures Careful positioning, padding of pressure 
points

Osteoporosis Secure patient well to operating table, 
gentle patient movement and positioning

Other Anesthesia-induced reactions: 
hyperkalemia, cardiac arrest, 
rhabdomyolysis

No succinylcholine
TIVA anesthetic
Flush anesthesia machine for at least 
10 min to remove inhaled anesthetics
Dantrolene of no clear benefit

NIPPV noninvasive positive pressure ventilation, ECHO echocardiogram, EKG electrocardio-
gram, TEE transesophageal echocardiography, NPO nil per os, NG nasogastric, OG orogastric, 
TIVA total intravenous anesthetic
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chest wall weakness. Finally, their gastroesophageal reflux and abnormal gastroin-
testinal motility place them at risk for aspiration. Therefore, immediate availability 
of advanced airway equipment is imperative.

 Pulmonary Considerations

Respiratory muscle weakness from DMD leads to a weak cough and poor inspira-
tory effort. Also, thoracic compression from scoliosis can lead to a restrictive lung 
pattern with decreased lung volumes. This puts patients at risk for postoperative 
atelectasis, extubation failure, and pneumonia [5]. Patients with an FVC <30–50% 
of predicted should have proactive respiratory management after extubation with 
cough assist devices and noninvasive positive pressure ventilation [6].

 Cardiac Considerations

Symptoms of cardiomyopathy in DMD may be difficult to illicit on preoperative 
evaluation due to the physical inactivity of a wheelchair-bound patient. An elec-
trocardiogram (EKG) and an echocardiogram (ECHO) should be done if the last 
cardiac evaluations were more than 1  year prior to surgery or if there was an 
abnormal result in the last 7–12 months [5]. EKG changes characteristic of car-
diomyopathy from DMD include increased R-to-S ratio in right precordial leads, 
deep Q wave in lateral leads, conduction abnormalities, and arrhythmias. 
Abnormal ECHO findings include decreased ejection fraction and increased left 
ventricular volumes and mass [3].

 Anesthesia-Induced Rhabdomyolysis: Hyperkalemia 
and Cardiac Arrest

Succinylcholine is known to cause acute rhabdomyolysis in patients with progres-
sive myopathies such as DMD. The resultant hyperkalemia can then progress to 
ventricular dysrhythmias, cardiac arrest, and death [7]. Succinylcholine is therefore 
contraindicated in the setting of a known myopathy. Furthermore, given the diffi-
culty of diagnosing a myopathy in very young patients, the FDA has issued a black 
box warning against the use of succinylcholine (Anectine) in all children, especially 
males, under the age of 8 [8].

Independent of the effects of succinylcholine, halogenated inhaled anesthetics 
(Halothane, Isofluorane, Sevofluorane, Enfluorane) have been associated with a num-
ber of adverse clinical presentations in patients with DMD during and after anesthesia. 
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In a review of such cases, Hayes et al. identified three distinct presentations: (1) hyper-
kalemic cardiac arrest with rhabdomyolysis, (2) gradual rise in temperature and heart 
rate, and (3) isolated postoperative rhabdomyolysis without cardiac arrest. Despite 
sharing some similarities with the presentation of malignant hyperthermia (MH), 
these reactions did not occur with other signs of a systemic hypermetabolic state (rap-
idly rising end tidal CO2, metabolic acidosis, body temperature >38.8 °C). Furthermore, 
these reactions did not respond to dantrolene and often occurred in DMD patients who 
had negative halothane-caffeine contracture tests [9].

These findings led the authors to suggest that a reaction distinct from MH, called 
“anesthesia-induced rhabdomyolysis” (AIR), can occur in patients with myopathies due 
to stress on structurally abnormal muscle tissue [9]. Given the potential for these reac-
tions, many experts have advocated total intravenous anesthetic (TIVA) and complete 
flushing of the anesthesia machine to remove residual inhaled anesthetics for patients 
with DMD [10–12]. In the event that AIR is suspected in a patient without a known 
diagnosis of DMD, the inhaled agents should be discontinued, and measures to reduce 
potassium levels (sodium bicarbonate, insulin and dextrose, hyperventilation) should be 
swiftly undertaken. The AHA guidelines for the treatment of hyperkalemic cardiac 
arrest also advocate for the immediate administration of calcium chloride [13]. There 
does not appear to be a clear role for dantrolene in AIR [9].

 Other Anesthetic Considerations

Patient positioning in patients with DMD may be challenging due to obesity, scoli-
otic changes, and contractures of the ankles, knees, hips, and elbows. Careful atten-
tion should be paid to padding of pressure points and securing the patient to the 
operating table. If patients are on steroids for treatment of their disease, a periopera-
tive plan including stress dose steroids should be formulated [5].

 Lesson III: What Is Scoliosis?

 Definition and Types

Scoliosis refers to lateral, or sideways, curvature of the spine in the frontal plane of 
the body. A related but distinct term is kyphosis which is a frontal, or forward, cur-
vature of the spine in the sagittal plane of the body. Diagnosis of scoliosis is made 
with an index called the Cobb angle (Fig. 9.2). The apex of the curved spine, or 
point of maximum deviation from midline in the frontal plane, is identified. Then, 
one line is drawn parallel to the superior aspect of the most tilted vertebrae cephalad 
to the apex and another is drawn parallel to the inferior aspect of the most tilted 
vertebrae caudad the apex. Two additional lines are drawn, one perpendicular to 
each of the first two lines. The angle at the intersection of the perpendicular lines is 
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the Cobb angle. Diagnosis of scoliosis is made when the Cobb angle is >10° on 
radiographic imaging [14].

The main types of scoliosis are idiopathic, neuromuscular, and congenital. 
Idiopathic scoliosis has both genetic and environmental causes and is further classi-
fied by the age of onset of curvature as infantile (birth to 3  years), juvenile 
(3–10  years), or adolescent (>11  years). Neuromuscular scoliosis can be neuro-
pathic and originate from upper or lower motor neuron diseases, or myopathic, and 
arise as a consequence of dystrophies that lead to an imbalance of the trunk or pelvic 
musculature with varying degrees of spasticity. Congenital scoliosis results from 
failure of formation or failure of segmentation of the vertebrae during gestation. 
Because of its onset in utero, congenital scoliosis is often associated with underly-
ing spinal cord, renal, and cardiac anomalies. Differing degrees of scoliosis can also 
be caused by neurofibromatosis, mesenchymal diseases, tumors, infection, trauma, 
and compensatory changes for other orthopedic problems [14, 15] (Fig. 9.3).

 Epidemiology

Two to 3% of all children will be affected by scoliosis at some point in their lives, 
and 70% of these are idiopathic [14, 15]. The prevalence of severe scoliosis (Cobb 
angle >30°) is 0.3% in the general population, and girls are ten times more likely 
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than boys to develop a curvature of >30° in idiopathic scoliosis. After skeletal matu-
rity, idiopathic scoliotic curves <30° typically do not progress. However, more 
severe curves or curves due to neuromuscular disease can continue to progress inde-
pendent of skeletal maturity. Curvatures with angles >80° can result in restrictive 
pulmonary disease with ventilation-perfusion mismatch, and angles >100° can lead 
to cor pulmonale and cardiorespiratory failure [14].

 Lesson IV: How Is Scoliosis Surgically Treated?

 Indications and Timing for Surgery

In general, factors that are considered when planning surgical management of sco-
liosis include magnitude of curvature and associated medical conditions [14]. For 
idiopathic scoliosis, Cobb angles >40°, poor response to nonoperative treatment 
(i.e., external bracing of the spine), and a significant amount of time until skeletal 
maturity are indications for surgical correction [16, 17]. For idiopathic scoliosis, the 
progression of the disease will significantly slow once skeletal maturity is achieved 
obviating the need for surgical correction. For neuromuscular scoliosis (such as that 
caused by DMD), surgery is considered when the Cobb angle is >20° because dis-
ease progression will not slow with skeletal maturity and progression of pulmonary 
and cardiac disease may make later surgery high risk. In neuromuscular scoliosis, 

Fig. 9.3 Severe idiopathic scoliosis of the thoracic spine (left). Severe scoliosis of thoracic spine 
due to Duchenne muscular dystrophy (right). Left panel. (Reprinted from Musson et al. [87]. With 
permission from BMJ Publishing Group Ltd.). Right panel (Courtesy of Dr. Karim Rafaat)
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surgical intervention can slow the progression of restrictive lung disease in those 
who already have compromised pulmonary status due to muscle weakness. Surgical 
correction also alleviates pain from vertebral compression fractures and costo- 
pelvic impingement [1, 18]. For congenital scoliosis, surgical intervention is vari-
able depending on the underlying anomaly and expected course [16].

 Surgical Process and Complications

Posterior instrumented fusion is the most common procedure for the surgical cor-
rection of scoliosis (Fig.  9.4), although a combination of anterior and posterior 
approaches may be necessary. Generally, hardware consisting of two rods attached 
by hooks or wires to stabilizing pedicle screws are implanted. The surgical dissec-
tion for this procedure can be very extensive. In a posterior approach, the skin, 
supraspinous ligament, and paraspinal muscles are reflected, and the spinous pro-
cesses, the interspinous ligaments, and the facet joints are all sacrificed. After stabi-
lization and implantation of hardware, bone graft is placed all along the area to be 
fused. The anterior approach involves retroperitoneal dissection through thoracoab-
dominal or flank incisions [15].

Complications that can occur after spinal fusion include neurological injury, 
bleeding (both independent of and secondary to coagulopathy), and infection. 

Fig. 9.4 A patient with thoracic scoliosis from Duchenne muscular dystrophy before (left) and 
after (right) posterior spinal fusion with instrumentation. (Courtesy of Dr. Karim Rafaat)
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Studies of morbidity and mortality after spinal fusion for various underlying pathol-
ogies have shown that overall complication rates are about equal in posterior spinal 
fusion and anterior spinal fusion. However, the overall complication rates are 
higher – twice as high in one study – with combined anterior-posterior fusion as 
compared to posterior spinal fusion or anterior spinal fusion alone [19, 20]. For 
scoliosis repair, patients with neuromuscular scoliosis experience a higher overall 
rate of complications. In a literature review, Weiss and Goodall found that the inci-
dence of all complications for patients with neuromuscular scoliosis (NS) correc-
tion was 17.4% versus 8.6% for patients with idiopathic scoliosis (IS). They also 
found that death from these complications was 6.5% for NS versus 0.03% for IS 
[21]. A similar trend was shown by Reames et al. who found the surgical complica-
tion rate of patients with NS correction to be 17.9% versus 6.3% for patients with 
IS. These authors reported a 0.34% overall mortality rate for NS patients compared 
with only 0.02% among IS patients [22]. The leading causes of postoperative mor-
tality among patients with NS included respiratory failure or aspiration, excessive 
blood loss, sepsis, cardiac, pulmonary embolus, brain stem herniation, transfusion- 
related acquired lung injury, and fluid overload [22].

A specific complication of concern in scoliosis correction is neurological injury. 
In a 5-year British national review of corrective surgeries all types of scoliosis 
showed incomplete neurological deficit with resolution in 0.65% of patients, incom-
plete neurological deficit without resolution in 0.32% of patients, and complete neu-
rological deficit in 0.13% [23]. Reames et al. found that patients with NS experienced 
more postoperative neurological deficits (1.1%) than those with IS (0.8%) [22]. The 
specific types of neurological injury were further categorized as nerve root injury 
(0.4% in NS vs 0.3% in IS), cauda equina deficit (0.06% in NS), incomplete spinal 
cord deficit (0.4% both NS and IS), and complete spinal cord deficit (0.15% both 
NS and IS). Higher rates of new neurologic deficits were associated with revision 
procedures, the use of corrective osteotomies, and the use of certain type of hard-
ware such as anterior screws or posterior wires [22].

 Lesson V: What Are the Anesthetic Implications  
of Scoliosis Surgery?

 Intraoperative Neurophysiologic Monitoring

Continuous neurophysiologic monitoring can be used to assess the integrity of 
motor and sensory neural pathways intraoperatively. On a basic level, neuromoni-
toring involves monitoring the central nervous system during surgery by generating 
an electrical stimulus at one area along a neural pathway then measuring a response 
(evoked potential) at a second area along the same pathway. Somatosensory evoked 
potentials (SSEPs) can be recorded when a peripheral nerve (typically median, 
ulnar, or posterior tibial) is stimulated and a response is measured with epidural or 
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cortical electrodes (Fig. 9.5). SSEPs are not very loud against background noise so, 
for a readable result, summation of multiple stimuli is performed. SSEPs are limited 
in that they only monitor the dorsal area of the spinal cord (dorsal column medial 
lemniscus) that is not the most at risk area for ischemia due to receiving blood sup-
ply from two posterior spinal arteries. Motor evoked potentials (MEPs) can be 
recorded when the motor cortex is stimulated transcranially and a response is mea-
sured at epidural or muscle belly electrodes as a compound action potential 
(Fig.  9.6). MEPs monitor the motor pathway in the ventral spinal cord (anterior 
corticospinal tracts) – which is supplied by a single anterior spinal artery. In contrast 
to the dorsal sensory columns, this area is only supplied by a single artery and is 
thus more susceptible to ischemia [15, 24].

Neurophysiologic signals are quantified by their amplitude and latency (Fig. 9.7). 
Latency is defined by the time required between the administered stimulus and the 
detection of a response. Amplitude is the magnitude of the response. Ischemia or 
mechanical insult to the neurological pathway being monitored appears as a decreased 
amplitude and an increased latency (in the case of SSEPs) or a decrease in amplitude 
(in the case of MEPs) [24]. If signals become altered, this can serve as a clue that the 
spinal cord or a nerve are being affected, usually as a result of an alteration in its 
oxygen supply. Possible solutions to an alteration in neuromonitoring signals depend 
on the suspected mechanism behind the decrease in oxygen delivery. If perfusion 
pressure is low, hypotension should be corrected; if oxygen saturation is low (SpO2), 
ventilation should be improved; if anemia is present, oxygen carrying capacity 
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Fig. 9.5 SSEPs measure electrical activity centrally after peripheral electrical stimulus. SSEPs 
after stimulation to the left median nerve recorded transcutaneously from points along the somato-
sensory pathway: from Erb’s point over the second cervical spinous process and over the somato-
sensory cortex. (Reprinted from Banoub et al. [88]. With permission from Wolters Kluwer Health)
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Fig. 9.6 Motor evoked potential measure the electromyographic response to brain stimulus. 
Schematic of the motor pathway and motor evoked potential (MEP) measurement. The stimulus at 
the motor cortex elicits action potentials propagating to the spinal cord activating motor neurons 
and producing muscle responses. (Reprinted from Zhou and Zhu [88]. With permission from 
Wolters Kluwer Health)
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should be restored; if external surgical pressure is in excess of perfusion pressure, the 
last surgical intervention should be reversed [15].

Neurophysiologic signals are affected by a number of anesthetic agents. Signals 
are generally depressed by inhaled agents, nitrous oxide, propofol, and large boluses 
of opioids. Ketamine and etomidate, on the other hand, augment these signals. 
Additionally, paralysis may affect the consistency of MEPs; therefore neuromuscu-
lar blockade is typically omitted. Due to these effects, a typical anesthetic for 
 surgery with neuromonitoring will combine little or no inhaled anesthetic (<0.5 MAC 
at most), an IV anesthetic infusion to supplement anesthesia (typically propofol), 
and a narcotic infusion or intermittent low-dose opioid bolus. Neuromuscular block-
ers and nitrous oxide are usually avoided during neuromonitoring [15, 24].

As mentioned previously, patients with scoliosis from neuromuscular disease are 
at greater risk for neurological complications postoperatively than patients with 
idiopathic scoliosis. Unfortunately, while it is possible to monitor both SSEPs and 
MEPs in patients with neuromuscular scoliosis, it is often difficult to obtain baseline 
monitoring in this subset of patients [25, 26]. MEPs are particularly difficult to 
monitor. Furthermore, there is limited evidence that intraoperative responses to 
changes in neuromonitoring reduce the rate of postoperative neurological deteriora-
tion [27]. This is possibly due in part to the fact that less than half of postoperative 
neurological injuries are proceeded by an intraoperative change in neuromonitoring 
[28]. Regardless of these limitations, neuromonitoring is the best currently available 
modality to detect and address neurological injury during surgery.

 Managing Blood Loss in Scoliosis Repair

The surgical repair of scoliosis is associated with significant blood loss and both 
dilutional and consumptive coagulopathies [15]. Blood loss in scoliosis correction 
surgery is strongly related to the length of the procedure as well as the number of 
segments fused [29–31]. One retrospective review of posterior spinal fusion in the 
pediatric population with idiopathic scoliosis by Guay et al. concluded that patients 
had an average blood loss of 200 mL per level. This review also found that patients 
who weighed less than 30 kg were more likely to lose greater than one blood vol-
ume and require fresh frozen plasma or platelets to correct coagulopathy [30]. 
Patients with neuromuscular scoliosis are at a higher risk for blood loss than patients 
with idiopathic scoliosis likely due to the need for more segments to be fused as 
well as longer operation times to stabilize osteopenic bone [32–34, 31]. Furthermore, 
while patients with DMD do not appear to have clinically significant bleeding dis-
orders at baseline, they can have dysfunction in platelet aggregation, poor vasocon-
strictive response, increased bleeding time, and fibrinolysis when undergoing 
invasive surgical procedures [35–37]. Numerous techniques have been described to 
decrease blood loss and minimize allogenic transfusion (Table 9.2).

9 Anesthetic Implications of Duchenne Muscular Dystrophy and the Surgical Repair…



180

 Preoperative

Before the day of surgery, patients can have their hematocrit augmented with 
epoetin alfa. Epoetin alfa (Procrit or Epogen), a recombinant form of the hor-
mone erythropoietin, stimulates red blood cell production in the bone marrow. 
The typical dose is 300 IU/kg up to 10,000 IU subcutaneously weekly for 3 weeks 
before surgery. Protocols for preoperative epoetin alfa also include iron supple-
mentation [31, 38, 39]. Infrequent side effects of epoetin alfa include hyperten-
sion, myocardial infarction, and thrombosis, but these do not appear to be of 
significant concern in the pediatric population [31, 38, 39]. In a series of retro-
spective analyses, Vitale et al. found that patients with idiopathic scoliosis treated 
with epoetin alfa had a significantly lower rate of transfusion (3.9% in the Epo 
treated group versus 23.5% in the untreated group) and an average of 2.5 days 
less in the hospital [38]. While patients undergoing surgical correction for neu-
romuscular scoliosis treated with epoetin had higher starting and discharge 
hematocrits, they had no difference in absolute risk of transfusion or hospital 
length of stay [31, 39]. This may be due to the fact that patients with neuromus-
cular scoliosis often have more complicated and lengthy surgical corrections, 
and these studies did not report the number of units transfused, only the ordinal 
variable of whether transfusion was needed.

Another preoperative measure to minimize the need for allogenic transfusion is 
autologous blood donation. Autologous preoperative donation involves serial phle-
botomy in the weeks prior to surgery to have a quantity of the patient’s own blood 

Table 9.2 Summary of methods to minimize blood loss and transfusion in surgery

Method Timing Technique

Epoetin alfa Preoperative, 3–4 weeks 
before surgery

SQ weekly injection of 300 IU/kg up to 
10,000 IU with iron supplementation

Autologous blood 
donation

Preoperative Serial phlebotomy prior to surgery to be 
available for transfusion during surgery

Acute normovolemic 
hemodilution

After induction of 
anesthesia, day of 
surgery

Patient’s blood is collected and replaced with 
crystalloid or colloid

Controlled 
hypotension

Intraoperatively Reduction of baseline SBP or MAP with 
anesthetic or antihypertensive agents

Cell saver Intraoperatively and 
postoperatively

Blood is collected via suction from the 
surgical wound, and then washed RBCs are 
returned to the patient

Antifibrinolytic 
agents

Intraoperatively and 
postoperatively

TXA: loading dose is 10 mg/kg; maintenance 
dose is 1 mg/kg/h
Amicar: loading dose is 100 mg/kg; 
maintenance dose is 10 mg/kg/h

Intrathecal opioid Prior to surgical start Lumbar intrathecal injection of 5 mcg/kg 
preservative-free morphine

IU international units, SBP systolic blood pressure, MAP mean arterial pressure, RBCs red blood 
cells, TXA tranexamic acid, Amicar ɛ-aminocaproic acid
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available for transfusion during surgery. Epoetin alfa and iron supplementation 
often facilitate this process. Autologous donation results in a significantly lower 
need for allogenic blood transfusion intraoperatively in spinal fusions, an effect 
more pronounced in patients with idiopathic scoliosis than those with neuromuscu-
lar scoliosis, and can be attempted in children as small as 30 kg [32, 40]. However, 
the utility of this technique may be limited in the pediatric population due to vaso-
vagal reactions with phlebotomy, technical difficulties with blood collection, and 
poor cooperation particularly among very young or developmentally delayed 
patients [32, 41, 42].

 Intraoperative

Intraoperative methods to decrease blood loss and minimize transfusion include 
acute normovolemic hemodilution, controlled hypotension, intrathecal morphine 
administration, cell saver, and antifibrinolytic agents. These methods will be further 
discussed below. Other measures that can be taken by the anesthesiologist to reduce 
intraoperative blood loss include maintenance of normothermia to avoid coagulopa-
thy and prevention of increases in intrathoracic and intra-abdominal pressure that 
can engorge extradural veins and increase blood loss during surgical dissection. 
Venous engorgement can be prevented in the prone position by keeping the abdo-
men free of direct pressure to avoid vena caval compression [15, 35].

Acute normovolemic hemodilution (ANH) is the process by which a quantity of 
the patient’s blood is collected via phlebotomy after induction of anesthesia and 
replaced with crystalloid or colloid to induce a hemodynamically stable anemia and 
subsequent loss of anemic blood once the surgery starts. The collected whole blood 
(RBCs and coagulation factors) can then be returned to the patient during or after 
surgery as needed [43]. ANH has been safely used in children undergoing correction 
of idiopathic scoliosis and has been found to reduce the need for autologous and 
homologous transfusions [44, 45]. One limitation of ANH is the logistics of collec-
tion and safe storage of the blood, which requires planning and experience on the 
part of the anesthesiologist [43].

Controlled, or induced, hypotension is defined as a reduction of the systolic blood 
pressure to 80–90 mmHg, a reduction of mean arterial pressure (MAP) to 50–65 mmHg, 
or a 30% reduction of baseline MAP [46]. This is typically accomplished by deepen-
ing anesthesia with sedatives or narcotics. An example of this approach would be a 
propofol infusion or inhaled anesthetic and an adjuvant such as a remifentanil infusion 
[42, 46]. Short-acting antihypertensives such as sodium nitroprusside, nitroglycerin, 
or beta-blocking medications can also be used [42, 46, 47]. This technique has been 
investigated retrospectively and prospectively in spinal fusion surgery for healthy 
patients with idiopathic scoliosis and found to decrease overall blood loss by 40–55%, 
reduce the need for intraoperative and postoperative transfusion, and shorten opera-
tion times [42, 47, 48]. This technique requires appropriate patient selection (exclud-
ing those with comorbidities that limit their ability to tolerate hypotension), accurate 
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and frequent blood pressure monitoring, and careful attention to perfusion of various 
organ systems. The operative must also be aware that controlled hypotension may also 
interfere with obtaining adequate baseline SSEPs [49].

Intrathecal opioid given after induction of anesthesia may also significantly 
reduce intraoperative blood loss. The evidence to support this comes from studies 
in which intrathecal morphine (with or without sufentanil) was injected into the 
lumbar intrathecal space of patients undergoing surgical repair of idiopathic sco-
liosis [50–52]. The mechanism behind this affect is thought to be the creation of 
relative hypotension and maintenance of hemodynamic stability intraoperatively 
[50]. Patients given intrathecal morphine also have lower IV opioid requirement 
and better pain control when compared to IV PCA for the first 24 h postoperatively 
[51, 52]. The optimum dose appears to be 5 mcg/kg intrathecal morphine to achieve 
both reduction of blood loss and improved pain control on the first postoperative 
day [51, 52]. Potential limitations of the administration of intrathecal opioids 
include postoperative respiratory depression, creation hypotension that is not eas-
ily reversible if there is acute blood loss, and difficulty accessing the intrathecal 
space in patients with NMS.

Cell Saver is a process by which blood is collected via suction from the surgi-
cal wound, washed to isolated red blood cells (no coagulation factors or platelets), 
and then returned to the patient. Cell saver has been used in multiple prospective 
trials and found to decrease allogenic transfusion requirements up to 50% [53, 
54]. Some limitations of cell saver include the inability of the anesthesiologist to 
use it for acute resuscitation due to the processing time involved before the red 
blood cells are available to give back to the patient and the significant quantity of 
blood that must be collected in order to have enough to process for return to the 
patient.

Numerous studies have demonstrated the efficacy of antifibrinolytic agents 
including ɛ-aminocaproic acid, tranexamic acid, and aprotinin for reducing blood 
loss during scoliosis surgery [17, 55–57]. Amicar (ɛ-aminocaproic acid) and 
tranexamic acid (TXA) are lysine analogs that inhibit plasmin, a key proteolytic 
enzyme in fibrinolysis. Aprotinin is a nonspecific serine protease inhibitor derived 
from bovine lung that interferes with plasmin and the kinin-kallikrein cascade. Of 
note, the FDA has removed aprotinin from the market due to safety concerns related 
to mortality from thrombotic events and renal dysfunction in adults [58, 59]. Also, 
TXA should be avoided in patients with known seizure disorders because TXA 
inhibits glycine and GABA receptors which can create an excitatory state in the 
central nervous system leading to seizures postoperatively [60]. A Cochrane review 
of the evidence behind the use of these agents showed that the use of all three 
resulted in less perioperative blood loss (approximately 426 mL on average). The 
three agents appeared to be comparable to one another in terms of efficacy for 
reducing blood loss [35, 59]. The risk of being transfused was not found to be lower 
in patients receiving antifibrinolytics, but the amount of blood transfused was 
327  mL less on average in these patients. The long-term safety profile of these 
agents also requires more investigation due to the small number of pediatric patients 
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who receive antifibrinolytic therapy [35]. Given currently available data, the use of 
amicar or tranexamic acid is appropriate during scoliosis procedures with high risk 
for significant blood loss. For tranexamic acid, the loading dose is 10 mg/kg infused 
over 15 min, while the maintenance dose is 1 mg/kg/h. For ɛ-aminocaproic acid, the 
loading dose is 100  mg/kg infused over 15  min, while the maintenance dose is 
10 mg/kg/h [55–57].

 Goal Directed Therapy in Pediatric Anesthesia

Scoliosis repair is often a large operation that requires the anesthesiologist to under-
take significant resuscitative measures. The goal of such resuscitation is maintain 
adequate oxygen delivery by preserving cardiac output, perfusion pressure, and 
oxygen carrying capacity. From studies of sepsis, timely and appropriate volume 
resuscitation has been shown to improve survival [61, 62], but too much fluid resus-
citation can increase mortality [63–65]. Therefore, indices to guide fluid administra-
tion are necessary for finding the right balance. Static variables alone such as heart 
rate, systolic arterial pressure, and central venous pressure are not reliable guides 
for fluid administration especially in mechanically ventilated patients undergoing 
anesthesia and surgery [66–69]. Dynamic measures of fluid responsiveness rely on 
variations in preload delivered to the heart due to positive pressure ventilation. In 
mechanically ventilated patients, right ventricular venous return decreases with 
inspiration due to vena caval compression. This decrease in preload to the right side 
of the heart is then transmitted to the left heart after two to three heartbeats, result-
ing in decreased stroke volume [70]. This ventilation-dependent variability in stroke 
volume can be observed as variation in aortic blood flow, arterial blood pressure, 
and plethysmographic waveform amplitude. This effect is more pronounced in 
hypovolemic states [71].

Dynamic variables, such as pulse pressure variation (PPV), stroke volume vari-
ation (SVV), and plethysmographic variability index (PVI), have been shown to 
have good predictive value for fluid responsiveness in adults [72, 73], but their 
utility in children is less clearly supported [74–77]. This finding may be due to 
physiologic differences in pediatric patients including increased chest wall and 
lung  compliance, increased arterial compliance, and decreased ventricular com-
pliance of pediatric patients [66]. A meta-analysis of multiple studies by Gan 
et  al. investigated numerous static and dynamic hemodynamic variables in 
mechanically ventilated pediatric patients receiving a fluid bolus. They found that 
only direct transthoracic echocardiography measurement of variation in aortic 
blood flow was a reliable predictor of fluid responsiveness, defined in studies as a 
15% increase in stroke volume within 10  min of fluid administration seen on 
transthoracic echocardiography [66, 78, 79].

Because variation in aortic blood flow appears to correlate with volume respon-
siveness, esophageal Doppler monitoring may represent a possible future direction 
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Fig. 9.8 Illustration of esophageal Doppler probe position in a patient. The waveform generated 
by the esophageal Doppler probe is a graph of blood velocity versus time. (Reprinted from Deltex 
Medical Launches E-learning Center [82]. With permission from Deltex Medical Limited)

Table 9.3 Summary of parameters measured by esophageal Doppler

Esophageal 
Doppler 
parameter Traditional clinical correlate Normal ranges with references

Stroke distance 
(SD)

Directly related to stroke volume (SV) 
and body surface area adjusted stroke 
volume index (SVI)

Varies with age and size
Adults [82]
SV 60–100 mL
SVI 35–45 mL/m2

Pediatrics [84]
SVI 25–45 mL/m2

Flow time (FTc) Inversely related to afterload Adults [82]
330–360 ms
Pediatrics
In isolated studies, values >357 ms 
[34] and >394 ms [68] predicted 
fluid responsiveness

Peak velocity 
(PV)

Directly related to ventricular 
myocardial contractility

PV decreases with age [82]
90–120 cm/s at age 20
70–100 cm/s at age 50
50–80 cm/s at age 70
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for noninvasive monitoring of dynamic variables in pediatric patients [67, 68, 80, 
81]. Deltex Medical™ manufactures a 5 mm pediatric esophageal probe that can be 
used for patients as small as 3 kg. A Doppler probe placed in the esophagus can 
record aortic blood flow characteristics with each heartbeat to derive stroke volume 
estimations. The waveform generated by esophageal Doppler is a graph of blood 
velocity versus time (Fig. 9.8). Key variables on this graph are stroke distance, flow 
time, and peak velocity (Table 9.3). Stroke distance (SD), the area under the curve, 
represents the distance traveled by a column of blood in the descending thoracic 
aorta (cm/s) and can be used to derive stroke volume. Flow time (FT), the width of 
the base of the curve, is the total time of systolic ejection. Because FT varies signifi-
cantly with heart rate, corrected flow time (FTc) is often used instead of absolute 
FT. FTc is inversely related to systemic vascular resistance and therefore left ven-
tricular afterload. Peak velocity (PV), the apex of the curve, represents the fastest 
speed of red blood cell ejection during the cardiac cycle and is directly related to 
ventricular contractility [82]. These values can be used to guide decisions about the 
fluid responsiveness of a patient (Fig. 9.9) [83]. Possible limitations of this monitor-
ing tool for scoliosis surgery include limited space in a child’s oropharynx for 
another probe, difficulty obtaining good waveform in prone position, and lack of 
this equipment in all centers.
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Fig. 9.9 Flowchart depicts an algorithm for using stroke volume index (SVI) and corrected flow 
time (FTc) to guide fluid administration intraoperatively in adult patients. Target values for SVI 
and FTc vary depending on the age size and physiological state of the patient. (Reprinted from 
Manecke [83]. With permission from Gerard Manecke)
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Key Learning Points
• Duchenne muscular dystrophy (DMD) is the most common hereditary 

neuromuscular disease worldwide and is caused by an X-linked recessive 
mutation in the gene coding for dystrophin, an integral protein in the cell 
membrane and cytoskeleton of muscle cells.

• The onset of proximal skeletal muscle weakness occurs at age 2–3 and 
progresses rapidly to a wheelchair-bound state by the early teen years. 
Other medical conditions associated with DMD include cardiomyopathy, 
respiratory failure, restrictive lung disease, scoliosis, intellectual impair-
ment, retinal disease, GERD, obesity, and osteoporosis.

• Anesthetic management of patients with DMD includes a thorough preop-
erative cardiac and pulmonary evaluation, the availability of advanced air-
way equipment, aspiration precautions, and careful attention to 
positioning.

• While patients with DMD are not at risk for malignant hyperthermia spe-
cifically, they are at risk for anesthesia-induced reactions including hyper-
kalemia, rhabdomyolysis, and cardiac arrest. Therefore, avoidance of 
succinylcholine, flushing the anesthesia machine, and a total intravenous 
anesthetic are recommended.

• Scoliosis refers to lateral, or sideways, curvature of the spine in the frontal 
plane of the body. The most common classifications of scoliosis are idio-
pathic, neuromuscular, and congenital. The severity of scoliosis is quanti-
fied by an index called the cobb angle, with greater angles representing 
more severe disease.

• Planning for surgical correction of scoliosis depends on patent age, skele-
tal maturity, cobb angle, and associated medical conditions. The surgery 
involves spinal fusion, through an anterior approach, a posterior approach, 
or a combination of the two.

• The risk of surgical complications such as neurological injury and blood 
loss is higher for patients with neuromuscular scoliosis than those with 
idiopathic scoliosis due to the need for longer and more complex surgeries 
to fuse more levels of the spine.

• To optimize neuromonitoring signals, a small concentration of inhaled 
anesthetic (<0.5 MAC), a supplemental anesthetic infusion, and intermit-
tent or low-dose opioid are typically used. Neuromuscular blockers and 
nitrous oxide are usually avoided.

• Techniques to minimize blood loss and allogenic transfusions include 
administration of epoetin alfa, autologous donation, acute normovolemic 
hemodilution, controlled hypotension, intrathecal morphine administra-
tion, cell saver, and antifibrinolytic agents.

• Indices to guide volume resuscitation in pediatric patients include varia-
tion in aortic blood flow on echocardiography and esophageal Doppler 
monitoring.
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Chapter 10
Pulmonary Atresia with Intact  
Ventricular Septum

Daniel J. Sisti and Karim T. Rafaat

 Case Narrative

A 2-day-old child is brought to the emergency department by paramedics. He is the 
product of a full-term, uncomplicated pregnancy and was delivered at home. The 
paramedics were called for fast respiratory rate and a dusky color. Upon arrival to 
the emergency department, the paramedic is delivering 100% O2 via bag and mask 
and is gently assisting respirations. There is no intravenous access present. Heart 
rate is 175 bpm; blood pressure is 57/19 mmHg; respiratory rate is 45 breaths per 
minute; oxygen saturation is 62%.

The patient is quickly taken to the PICU where an IV is inserted, the infant is 
subsequently intubated, and an infusion of prostaglandin E2 started. The child’s 
saturations slowly increase to 82% on an FiO2 of 100%. A transesophageal echocar-
diogram reveals pulmonary atresia with an intact ventricular septum (L-1,2,3,4). 
The child is later taken to the operating room where a Norwood procedure is per-
formed (L-5,6,7). Following an unremarkable operative course, the patient is trans-
ported back to the PICU being ventilated by manual hand-mask bag positive 
pressure ventilation with an FiO2 of 100% and infusions of dopamine of 7 mcg/kg/
min, milrinone at 0.25 mcg/kg/min, and calcium chloride at 5 mg/kg/h. En route, 
the patient’s oxygen saturations are 95%, but it is noted that the patient is dusky and 
grey. Invasive arterial pressures are 54/17 mmHg. Attempts are made to improve 
pressures via 1 mcg/kg boluses of epinephrine without success (L-8). The patient is 
rushed to the PICU, where, after being attached to the ICU ventilator, blood pres-
sure improves over time (L-8).
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 Lesson 1: What Is Pulmonary Atresia with Intact  
Ventricular Septum?

Pulmonary atresia with intact ventricular septum (PA/IVS) is a rare cyanotic con-
genital heart defect (CHD). The structural abnormalities seen in this disease are an 
absent connection between the right ventricle (RV) or right ventricular outflow tract 
(RVOT) to the pulmonary arteries, and the RV and left ventricle (LV) are separated 
from one another by an intact septum. Commonly the RV is small and hypoplastic. 
See Lesson 2 for a detailed discussion of morphology in PA/IVS.

Estimated incidence of all types of CHD is low, ranging from 4 to 13 per 1000 
live births [1–7]. This includes relatively simple defects such as atrial septal defects 
or patent ductus arteriosus as well as more complicated malformations such as 
tetralogy of Fallot. PA/IVS is a small fraction of the total cases of CHD, accounting 
for 0.5 per 1000 live births or less [2, 4, 5, 8, 9]. The pathogenesis of PA/IVS is 
unknown, but proposed etiologies include rare autosomal gene defects [10] and 
maternal inflammatory processes or viral infection during gestation [11].

 Lesson 2: What Is the Morphology of PA/IVS?

The morphology of PA/IVS (Fig. 10.1) is extremely heterogeneous (Table 10.1). 
Generally, PA/IVS can be subdivided into two types: valvar and muscular atresia. 
Valvar atresia accounts for approximately 70% of cases and is characterized by the 
presence of a recognizable but imperforate membranous pulmonic valve. The 
remainder of patients have muscular atresia, with obliteration of the infundibular 
portion of the RV. Those with muscular atresia tend to have more severe RV hypo-
plasia and more frequent anomalous coronary connections from the RV [15, 16].

The RV and the tricuspid valve are very heterogeneous in PA/IVS. Functionally, 
the RV can be divided into three parts: the inlet, apex, and outlet (or infundibulum). 
The majority of PA/IVS patients have all three parts, i.e., they have a tripartite ven-
tricle with inlet, body, and outlet. Some patients have a bipartite ventricle with an 
obliterated apex, and some patients have a unipartite, severely hypoplastic RV with 
an obliterated apex and outlet. RV apical sinusoids, a remnant of embryologic 
development, are commonly found. These often lead to fistulous connections from 
the RV to the coronary circulation. These fistulae can lead to proximal coronary 
stenoses, coronary ostial atresia, or coronary circulation that is dependent on blood 
flow from the RV [17, 18]. Patients with coronary anomalies are more likely to have 
left ventricular dysfunction and are more likely to require palliation via the Fontan 
procedure (see Lesson 5) rather than undergoing biventricular repair [19–21].

The tricuspid valve can be dysplastic or small and may have significant regurgi-
tation and/or stenosis. A small subset of PA/IVS patients have Ebstein’s anomaly 
with an inferiorly displaced tricuspid valve. This valve displacement or dysplasia 
may lead to a massively dilated RV [22]. Significant tricuspid regurgitation can lead 
to severe dilatation of the right atrium [23].
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See Fig. 10.1 for an illustration of the basic morphology of PA/IVS, and refer to 
Table 10.1 for a summary of morphological variations that can be seen.

 Lesson 3: What Is the Pathophysiology of PA/IVS?

The three main problems of PA/IVS are decreased, ductal-dependent pulmonary 
blood flow, hypoxemia, and right ventricular dysfunction.

Normal fetal circulation features high pulmonary vascular resistance (PVR). 
In fetal life, blood entering the right atrium has two possible paths: it can either 
shunt across the foramen ovale to the left atrium, or it can flow through the 
RVOT. After entering the main pulmonary artery, most of the blood will shunt 
across the ductus arteriosus to the aorta because of the high resistance in the 
pulmonary vasculature. A fetus with PA/IVS (Fig. 10.2) would be unable to sur-
vive without a patent foramen ovale or atrial septal defect because it lacks a pat-
ent RVOT (Fig. 10.3).

Fig. 10.1 Pulmonary atresia with intact ventricular septum. The right ventricle is hypoplastic and 
the pulmonic valve is imperforate. Venous (“blue”) blood shunts across the patent foramen ovale, 
mixing with arterial (“red”) blood, resulting in partially deoxygenated (“purple”) blood being 
delivered to both systemic and pulmonary circulations via the patent ductus arteriosus. (1) Patent 
foramen ovale (PFO); (2) “blue” blood shunting to left atrium via PFO; (3) patent ductus arterio-
sus; (4) aorta; (5) left pulmonary artery; (6) right pulmonary artery
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Table 10.1 Morphology in PA/IVS

Anatomy Variation Significance

Pulmonic 
valve

Valvar atresia May be more amenable to biventricular 
repairMembranous, imperforate valve

Muscular atresia Worse RV hypoplasia
Obliteration of infundibulum More anomalous coronary anatomy

Right 
ventricle

Size Size and shape of RV influence surgical 
planningOften small/hypoplastic; may be 

massively dilated with dysplastic TV
Shape

Tri- vs bi- vs unipartite
Tricuspid 
valve

Often small/dysplastic Tricuspid valve size is an important 
determinant of bi- vs univentricular 
surgery [12, 13]

Occasionally Ebstein’s anomaly

Coronary 
anomalies

RV sinusoids may contain 
RV-coronary fistulae

Risk of perioperative myocardial 
ischemia

Coronary anomalies are common, and 
circulation may depend on blood from 
RV

Delineation of coronaries by 
angiography is needed for surgical 
planning [14]

Descending
aorta

Lungs
Ductus

Arterio

Aorta
Pulmonary

trunk

Right
ventricle

Placenta

Vena cava
Right
atrium

Left
atrium

Foramen ovale
Pulmonary veins

Left
ventricle

55

55

85 35 50
65

85 48

Fig. 10.2 Normal fetal 
circulation. Schematized 
depiction of circulation in 
the normal fetus. Note 
more blood flow from the 
pulmonary trunk goes 
through systemic 
circulation than pulmonary 
circulation. Green numbers 
depict approximate 
oxygenation values. 
(Reprinted from Rudolph 
[24]. With permission from 
BMJ Publishing Group 
Ltd.)

At birth, there is a drop in the PVR as the lungs expand and fill with air. With the 
fall in PVR, there is a greater pressure differential from the RA to the pulmonary bed, 
so more blood flows through the RVOT. Additionally, the foramen ovale functionally 
closes as right atrial pressures fall below left atrial pressures. As the PVR falls, ductal 
blood flow reverses, transitioning from right-to-left (ductus-to-aorta) to left-to-right 
(aorta-to-ductus). In PA/IVS, the blood flow through the ductus arteriosus is only left-
to-right [24] and is the sole source of pulmonary blood both before and after birth.
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The ductus arteriosus constricts after birth and normally closes completely by 
24–48 h [25, 26]. With constriction of the ductus arteriosus, the neonate with PA/IVS 
will inevitably become hypoxemic. The ASD or PFO will continue to allow right-to-left 
shunting of blood as right-sided atrial pressures remain high. While blood flow may 
continue, the circulating blood becomes progressively more hypoxic. This then becomes 
a self-perpetuating downward spiral as hypoxemia leads to acidosis, decreased cardiac 
output, and decreased systemic blood pressure. Hypotension further exacerbates the 
rapidly decreasing flow through the progressively narrowing ductus arteriosus, hasten-
ing the diminution of pulmonary blood flow even further, yet again worsening hypox-
emia. The deoxygenated blood delivered to the left ventricle causes myocardial ischemia 
and further compromised hemodynamic status. Without intervention, closure of the duc-
tus is a uniformly lethal event for patients with this cardiac lesion (see Lesson 4).

 Lesson 4: What Caused the Child to Arrive in Extremis?

This child’s catastrophic presentation is due to constriction of the ductus arteriosus. 
As previously discussed, the only source of blood to the pulmonary circulation is a 
left-to-right shunt through a patent ductus arteriosus. As the ductus constricts, the 

Fig. 10.3 Fetal circulation 
in PA/IVS. Blood can only 
reach the systemic 
circulation through a 
patent foramen ovale. 
Unlike in normal fetal 
circulation, flow through 
the ductus is left to right. 
Circled numbers represent 
oxygenation values, while 
non-circled numbers 
represent blood pressures. 
(1) Hypoplastic right 
ventricle with stenotic 
pulmonary valve; (2) left 
ventricle; (3) patent 
foramen ovale with venous 
blood shunting to left 
atrium; (4) patent ductus 
arteriosus; (5) lungs; (6) 
pulmonary vein. (Adapted 
from Rudolph [24]. With 
permission from BMJ 
Publishing Group Ltd.)
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neonate becomes progressively hypoxemic and presents with respiratory distress 
and cardiovascular collapse.

There are several other forms of CHD that can present in a manner similar to this 
newborn. Any obstructive lesion will depend on a patent ductus for either systemic 
or pulmonary blood flow (Table 10.2). These obstructions will correspondingly be 
either left- or right-sided. Left-sided obstructive lesions include interrupted or hypo-
plastic aortic arch, critical aortic stenosis, hypoplastic left heart syndrome, critical 
aortic coarctation, and mitral stenosis. Right-sided obstructive lesions include PA/
IVS, critical pulmonic stenosis, tricuspid atresia, and tetralogy of Fallot with signifi-
cant RVOT stenosis (“blue tet”). Certain variations of Ebstein’s anomaly may 
require a patent PDA until PVR is sufficiently low to allow the dysfunctional RV to 
pump blood into the pulmonary circulation.

After birth, breakdown of endogenous prostaglandin E2 is one of the factors driv-
ing closure of the ductus arteriosus [27], and clinicians have known since the 1970s 
that infusions of prostaglandin E1 or E2 maintain patency of the ductus [28]. 
Clinically, E-type prostaglandin (PGE) infusions are given to neonates with known 
or suspected congenital heart disease to stabilize them prior to surgical correction or 
palliation. In the case narrative, the patient was given PGE2, which kept the ductus 
open, allowing pulmonary blood flow with improvement in oxygen saturation from 
62% to 82%.

Infants receiving PGE require careful monitoring, because it can cause hypo-
tension and apnea [28, 29], and higher doses are associated with necrotizing 
enterocolitis [30].

 Lesson 5: What Is the Norwood Procedure?

The Norwood procedure is the first surgery in a three-stage reconstruction for 
infants with severe CHD with a single functional ventricle (Table  10.3). The 
Norwood operation (Fig. 10.4) involves reconstructing a new aorta from the exist-
ing ascending aorta and main pulmonary trunk to conduct blood to the systemic 
circulation from the single ventricle. Pulmonary blood flow is then supplied by a 
shunt from the systemic circuit to the pulmonary arteries. Commonly, the Norwood 
procedure employs a modified Blalock-Taussig (MBT) shunt, where a synthetic 

Table 10.2 Ductal-dependent lesions

Ductal-dependent systemic blood flow Ductal-dependent pulmonary blood flow

Hypoplastic or interrupted aortic arch Critical pulmonic stenosis
Critical aortic coarctation Pulmonary atresia with intact ventricular septum
Aortic stenosis Tricuspid atresia
Hypoplastic left heart syndrome Tetralogy of Fallot with significant RVOT 

obstruction
Mitral stenosis Ebstein’s anomaly
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tube graft connects the innominate or subclavian artery to the PA. Alternatively, 
some centers may place a ventricle to pulmonary artery (VPA) shunt.

After the first stage of reconstruction, the post-Norwood patient has adequate 
systemic oxygen delivery to allow growth and stabilization. The Norwood physiol-
ogy is untenable long-term, however, because of cyanosis and high ventricular vol-
ume loading, causing progressively worsening dilation and dysfunction. Usually by 
age 3–6 months, the patient has grown enough to proceed to the second stage opera-
tion which is creation of a bidirectional cavopulmonary anastomosis [31].

The 2 s stage surgeries are either the bidirectional Glenn or the hemi-Fontan anas-
tomoses (Figs.  10.5 and 10.6). With either surgery, the systemic-pulmonary shunt 
(MBT or VPA shunt) is ligated. In the Glenn operation, the superior vena cava (SVC) 

Table 10.3 Staged single-ventricle reconstruction

Stage I Norwood operation with MBT or VPA shunt
Stage II Bidirectional cavopulmonary anastomosis (Glenn or 

hemi-Fontan)
Stage III Total cavopulmonary anastomosis (Fontan)

Fig. 10.4 Norwood procedure with modified Blalock-Taussig shunt. The main pulmonary artery 
is resected, and a neoarta is created by suturing together the ascending aorta and main pulmonary 
trunk. The neoarta is then connected to the single ventricle. Pulmonary blood is supplied by a shunt 
going from the right innominate artery to the right pulmonary artery. (1) Surgically created atrial 
septal defect; (2) venous blood shunting to the left atrium; (3) neoarta suture lines; (4) neoarta; (5) 
left pulmonary artery; (6) right pulmonary artery; (7) modified Blalock-Taussig shunt
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is disconnected from the right atrium and anastomosed directly to the right pulmonary 
artery (RPA), allowing passive drainage of deoxygenated blood from the head to the 
pulmonary vessels. In the hemi-Fontan operation, an anastomosis of the proximal 
SVC and RPA is created, and a patch is placed between the SVC and right atrium to 
direct blood from the SVC directly to the pulmonary circulation. Both the Glenn and 
hemi-Fontan operations allow the single ventricle to experience less volume load.

Staged reconstruction culminates with total cavopulmonary anastomosis, the 
Fontan operation (Fig. 10.7). Completion of this step thus requires a pulmonary 
vascular bed with low resistance, which is one of the primary reasons that single 
ventricle neonates must undergo staged and prompt reconstruction. Significant 
delay in performing single ventricle repair can lead to pulmonary vascular 
remodeling. The consequent increase in PVR may be enough to make the com-
pletion of the Fontan impossible. The Fontan was originally developed for tri-
cuspid atresia, but it has been modified and adapted for many forms of 
univentricular CHD including PA/IVS.  It is typically performed between the 

Fig. 10.5 Bidirectional Glenn. In the bidirectional Glenn operation, the superior vena cava is 
disconnected from the right atrium, and venous blood from the head and upper body passively 
drains to the right pulmonary artery. In the hemi-Fontan operation, the superior vena cava is anas-
tomosed to the right pulmonary artery, and drainage to the right atrium is blocked by a patch. Note 
that in both operations, the pulmonary circulation has been separated from the systemic, and so 
now the pulmonary artery is “blue.” (1) Surgically created atrial septal defect; (2) venous blood 
shunting to left atrium; (3) neoarta suture lines; (4) neoarta; (5) left pulmonary artery; (6) right 
pulmonary artery (RPA); (7) superior vena cava SVC, anastomosed to RPA; (8) inferior vena cava
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ages of 18 and 48 months [31, 32]. Blood from the IVC is redirected to the pul-
monary circuit, either through an intratrial baffle or extracardiac conduit that is 
connected to the right pulmonary artery. Upon completion of the Fontan, all 
venous blood is passively drained from the body through the pulmonary circula-
tion. Pulmonary blood flow will thus depend on the pressure gradient from cen-
tral venous to ventricular end-diastolic pressure and on pulmonary vascular 
resistance [33]. The ventricle exclusively pumps to the systemic circulation.

 Lesson 6: What Are the Physiologic Implications of Each 
Stage of Single-Ventricle Reconstruction?

The key challenge of the post-Norwood patient is balancing two parallel circulatory 
systems. Normal cardiopulmonary physiology involves two blood flow circuits con-
nected in series: pulmonary blood flow (Qp) and systemic blood flow (Qs). The Norwood 

Fig. 10.6 Hemi-Fontan. In the hemi-Fontan operation, the superior vena cava is anastomosed to 
the right pulmonary artery, and drainage to the right atrium is blocked by a patch. The pulmonary 
circulation has been separated from the systemic, and so now the pulmonary artery is “blue.” (1) 
Surgically created atrial septal defect; (2) venous blood shunting to left atrium; (3) neoarta suture 
lines; (4) neoarta; (5) left pulmonary artery; (6) right pulmonary artery (RPA); (7) superior vena 
cava SVC, anastomosed to RPA; (8) inferior vena cava; (9) patch occluding drainage from SVC to 
right atrium
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procedure connects Qp and Qs via a systemic-pulmonary shunt so that the flows are no 
longer in series but in parallel, each supplied by a single ventricle.

A parallel circulation palliates the newborn’s critical defect, but it places the 
patient on a physiologic seesaw. If the ratio of Qp to Qs (Qp:Qs) is too high, imply-
ing high pulmonary blood flow, systemic hypoperfusion will ensue, leading to 
hypotension, acidosis, and end-organ ischemia. If Qp:Qs is too low, tissue will be 
perfused by poorly oxygenated blood. Ultimately, the goal is to balance the Qp:Qs 
in such a way so as to optimize tissue oxygen delivery (DO2).

Properly balancing the parallel circulation will optimize DO2. Mathematical 
modeling establishes that an optimally balanced Qp:Qs ratio lies between 0.5 and 1, 
as shown in Fig. 10.8. Note not only that total cardiac output is Qp + Qs, but the 
additive value of the ratio is indicative of the relative total work that the myocar-
dium is performing (e.g., If Qp:Qs is 2:1, the single ventricle is performing three 
total “cardiac outputs” of work). Also note that DO2 increases as cardiac output 
increases, regardless of the Qp:Qs.

There are a number of strategies available to the practitioner for optimizing DO2 
in Norwood physiology. Firstly, PVR can be manipulated to limit Qp. In the 
mechanically ventilated patient, increasing PaCO2 via hypoventilation or mixing in 
CO2 will increase PVR, lowering Qp:Qs. Blending in nitrogen to decrease FiO2 to 
subatmospheric levels will raise PVR through hypoxic pulmonary vasoconstric-
tion. Adjusting positive end-expiratory pressure (PEEP) so that end-expiratory 

a b

Fig. 10.7 Fontan with lateral baffle (a) and with extracardiac conduit (b). With the Fontan opera-
tion, all venous blood is returned to the pulmonary circulation. Blood from the IVC is either routed 
via the right atrium isolated with a baffle, or via an extracardiac conduit from the IVC to the pul-
monary artery. Since all venous blood returns to the pulmonary circulation, the systemic circula-
tion is completely “red.” (1) Neoarta; (2) neoarta suture lines; (3) left pulmonary artery; (4) right 
pulmonary artery (RPA); (5) superior vena cava; (6) inferior vena cava (IVC); (7) right atrium 
isolated with synthetic baffle; (8) synthetic conduit connecting IVC to RPA
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lung volumes remain above FRC increases PVR as well. Minding acid-base status 
is also important as alkalosis will decrease PVR.

Secondly, lowering SVR will increase Qs, thereby increasing DO2. For a 
patient that is being mechanically ventilated, adequate sedation to decrease sym-
pathetic output will help keep SVR low. Further interventions for lowering 
include using vasodilators such as nitroprusside or milrinone or using alpha-
antagonists [35]. Thirdly, increased cardiac output will increase DO2, so inotro-
pic agents such as epinephrine and dopamine are mainstays in the perioperative 
care of Norwood patients. The inotropy and vasodilation provided by milrinone 
make it an especially helpful drug for this setting [36]. Finally, blood transfusion 
to an appropriate hemoglobin level will ensure adequate oxygen-carrying capac-
ity to support DO2.

Ideally, there should be a way to assess how effective these interventions are in 
optimizing DO2. From the Fick principle, a simplified mathematical expression of 
Qp:Qs can be stated as:
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Fig. 10.8 DO2 as a function of Qp/Qs. Mathematical model of DO2 as a function of Qp/QS sug-
gests that ideal oxygen delivery occurs at a Qp/QS between 0.5 and 1. Optimum oxygen delivery 
requires adequate cardiac output, regardless of Qp/QS. (Reprinted from Barnea et al. [34]. With 
permission from Elsevier)
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where SaO2 is aortic oxygen saturation, SmvO2 is mixed venous oxygen saturation, 
SpvO2 is pulmonary vein oxygen saturation, and SpaO2 is pulmonary artery oxygen 
saturation. This equation can be further simplified. In single ventricle patients, aor-
tic and pulmonary artery saturations are the same. Furthermore, most babies have 
healthy lungs, so the SpvO2 can be assumed to be 96%. Lastly, we can assume a 
normal systemic A-VO2 of 25%. Thus, the equation becomes:
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Theoretically one can then estimate Qp:Qs simply by measuring the SaO2. In prac-
tice, however, the underlying assumptions of this simplified estimation make it 
problematic. Investigators have shown that pulmonary venous desaturations occur 
frequently in the perioperative period of Norwood surgery [37]. Moreover, in the 
setting of abnormally high A-VO2 (from poor systemic DO2), a patient can have a 
normal SaO2 yet have an untenably high Qp:Qs [38].

Rather than relying on just the above equation, a combined approach of measur-
ing SaO2, mixed venous oxygen saturation, and base deficit may be the safest 
approach. SaO2 measurement will give at least some indication of what the Qp:Qs 
is. SmvO2 (sampled from the central line) denotes oxygen utilization. Base deficit, 
or lactate levels, indicates anaerobic metabolism and thus insufficient DO2.

The second stage of reconstruction, with either the bidirectional Glenn or hemi- 
Fontan operation, involves removal of the systemic-pulmonary shunt and has profound 
implications for the heart and the pulmonary circulation. Probably the greatest benefit 
of the second stage is volume unloading the single ventricle. Previously it had to pump 
both Qp and Qs, but separation of the parallel circulations means it only has to drive Qs. 
Over time the ventricle will remodel, have better function with lower oxygen consump-
tion, and may thus ultimately be ready to transition to the full Fontan circulation.

Another benefit of separating the two circulations is preload now comes from the 
lower body, so increases in PVR will not compromise systemic cardiac output. Cyanosis 
is inevitable as deoxygenated blood from the lower body gets pumped back into the 
systemic circulation. A well-functioning Glenn or hemi-Fontan patient will live with 
saturations at 75–85% which is typically well tolerated until the Fontan is completed.

With the second stage physiology, a low transpulmonary gradient is necessary to 
maintain oxygenation and cardiac output. This goal of unobstructed pulmonary 
blood flow can be frustrated in three arenas: impeded venous return from the upper 
body, elevated atrial pressures, or high pulmonary vascular tone. Venous return can 
be obstructed by thrombosis in the SVC near the cavopulmonary anastomosis. It can 
also be obstructed by positive-pressure ventilation with high mean airway pres-
sures. In the immediate postoperative period, however, there needs to be adequate 
lung recruitment to avoid atelectasis, which raises PVR. In the absence of 
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 countervailing pulmonary or airway issues, early extubation can be helpful as 
negative- pressure ventilation will improve Qp.

Further downstream, high atrial pressures will impede pulmonary blood flow as 
well. This can arise from an incompetent AV valve, from dysrhythmias, or from 
ventricular diastolic dysfunction. Finally, pulmonary vascular tone may still be 
high, because second stage patients are often not at their physiological nadir of 
PVR. Note, however, that attempting to lower pulmonary vascular tone with hyper-
ventilation or alkalosis will increase cerebral vascular tone, thus impeding venous 
return. Inhaled nitric oxide acts selectively on the pulmonary vasculature and may 
be the best treatment in the setting of compromised Qp from high PVR.

The third and final stage of single ventricle construction is the Fontan operation. 
After completion of the Fontan, all systemic venous blood bypasses the heart and 
goes directly to the pulmonary circulation. There are two main approaches to 
achieve this. One approach is to place an extracardiac conduit connecting the IVC 
to the RPA. Potential advantages of the extracardiac Fontan are the need for mini-
mal or no cardiopulmonary bypass and reduced risk of atrial arrhythmias. The major 
disadvantage is that the conduit cannot increase in size as the patient grows, and so 
will need to be changed in the future. The other approach is to place an intracardiac 
baffle within the right atrium, thereby redirecting blood from the IVC to RPA. If the 
prior operation was a hemi-Fontan, this is accomplished by removing the RA patch 
between the SVC and RA. The lateral tunnel approach is potentially advantageous 
for less thrombotic risk and the possibility of growth without severe dilatation. 
There is a higher risk of atrial arrhythmias due to the new suture line.

With either approach, the surgeon may create a fenestration in the extracardiac 
conduit or through the intracardiac baffle allowing right-to-left shunting. Well- 
functioning Fontan physiology will result in normal oxygen saturations, but this 
fenestration will cause minimal arterial desaturation. This “pop-off valve” helps 
maintain cardiac output in the face of elevated pulmonary vascular pressures or 
ventricular dysfunction, both common in the early postoperative period.

As in the bidirectional cavopulmonary anastomosis, a successful Fontan physiol-
ogy requires a low transpulmonary gradient. Thus, elevated PVR, AV valve 
 dysfunction, dysrhythmias, diastolic dysfunction, and blood flow obstructions can all 
lead to desaturation and low cardiac output. In the ICU, goals are to keep PVR low 
with minimal ventilator settings and early extubation, inotropic support as needed 
while avoiding increases in afterload, and treating dysrhythmias appropriately.

 Lesson 7: What Are the Long-Term Implications of Single- 
Ventricle Physiology?

Single ventricle reconstruction is palliative, not curative. The Fontan operation has 
been used for over 40 years, and many patients may now survive into adulthood. 
Yet with increased survival comes a cost. Post-Fontan survivors have abnormal 
hemodynamics with chronically elevated central venous pressure, limited ability 
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to augment preload to meet exercise demand, and chronically elevated ventricu-
lar afterload [39]. As a consequence of both the surgery itself and the postopera-
tive hemodynamics, Fontan patients are at risk of multiple potential 
complications, including progressive decrease in exercise tolerance, hepatic cir-
rhosis, plastic bronchitis, protein-losing enteropathy, arrhythmias, and thrombo-
embolic disease [40, 41].

There may also be long-term implications dependent on which ventricle—left or 
right—is available for reconstruction. With its normally thin wall and curved geom-
etry, the right ventricle may not be particularly well suited to the work of systemic 
circulation. Studies have suggested that patients with single right ventricles have 
worse ventricular function [42], have a higher incidence of protein-losing enteropa-
thy [43], and are at increased risk of early mortality [44, 45]. Thus, patients with PA/
IVS who undergo Fontan reconstruction may fare better in the long run than patients 
with hypoplastic left heart syndrome.

 Lesson 8: Why Did the Child Almost Die on the Way Back 
to the PICU?

The patient’s oxygen saturation was noted to be 95% on the way back to the 
PICU. Per the discussion in Lesson 6, this indicates an unbalanced Qp:Qs ratio, 
with overcirculation of the pulmonary bed and insufficient systemic perfusion, 
resulting in hypotension. Boluses of epinephrine were given, but the child remained 
hypotensive until he recovered after some time in the PICU on the ventilator. One 
of the most likely culprits of this neonate’s distress is inappropriate hyperventilation 
with manual ventilation [46], which would lower pulmonary vascular resistance and 
thereby create an excessively high Qp:Qs ratio. Another consideration is the inap-
propriate use of 100% O2 during the transport back to the ICU. Both of these would 
result in a low PVR, increasing Qp:Qs, adversely affecting systemic perfusion. For 
this reason, neonates should always be transported with an oxygen mixer so that an 
appropriate oxygen percentage can be delivered. Oxygen can be referred to as a 
drug, with both positive and negative effects, and this scenario is an excellent exam-
ple of the harmful misuse of what is usually thought to be an innocuous and univer-
sally beneficial gas.
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Chapter 11
Necrotizing Enterocolitis  
in the Premature Infant

Christopher Nguyen, Karim T. Rafaat, and Jonathan L. Benumof

 Case Narrative

A 37-week-old, 2.4 kg, ex-28-week premature female was scheduled for an explor-
atory laparotomy for suspected necrotizing enterocolitis (L-1). The patient’s history 
included a small persistent muscular ventricular septal defect, chronic lung disease, 
and recent sepsis complicated by disseminated intravascular coagulation. Her surgi-
cal history included a previous patent ductus arteriosus ligation and a two-part 
omphalocele repair at 30 weeks (L-2). She remained intubated and ventilated in the 
neonatal intensive care unit (NICU), on pressure control ventilation with a peak 
inspiratory pressure of 25 cmH2O and a rate of 22 breaths per minute. Her end-tidal 
CO2 was 70 mmHg.

At the time of surgery, the patient was brought to the operating room in stable 
condition. Vital signs prior to induction were blood pressure 80/28 mmHg, heart 
rate 154 beats per minute, and oxygen saturation 100% on 40% inspired oxygen. 
Existing intravenous access included a peripherally inserted central catheter (PICC) 
and a 22-gauge peripheral IV. The patient was transferred to the anesthesia machine 
ventilator, and settings were adjusted to pressure control at 35 cmH2O and a rate of 
22–28 breaths per minute. The patient was induced with propofol and sevoflurane 
uneventfully (L-3). A femoral central line was inserted without complication.

Surgery was started and initially proceeded uneventfully. Intraoperative fluids 
were titrated according to hemodynamic need and totaled 200 mL of albumin 5%, 
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400 mL of Plasma-Lyte, 120 mL of packed red blood cells (PRBC), 60 mL of fresh 
frozen plasma (FFP), and 20 mL of platelets (L-4). Maintenance fluids of Isolyte-P 
in 10% dextrose were administered concurrently at a rate of 15 mL/h. Approximately 
5 min after the surgeon began closing the abdominal wound, there was a sudden 
decrease in heart rate from 140 to 40 beats per minute. While the three-lead EKG 
was showing a bradycardic rhythm, there was a loss of the pulse oximeter wave-
form, and the noninvasive blood pressure cuff was unable to obtain a reading. The 
anesthesiologist hand ventilated the patient with 100% oxygen while administering 
code medications. The operative team began performing chest compressions, while 
the surgeon reopened the abdomen. Multiple doses of atropine and epinephrine 
were given, for a total of 120 mcg of atropine and 100 mcg of epinephrine (L-5). 
After approximately 60  s, there was return of vital signs with blood pressure 
115/63 mmHg (mean arterial pressure 65 mmHg), heart rate 150 beats per minute, 
and oxygen saturation above 90%. Abdominal closure was abandoned, the incision 
was packed, and the patient was transported to the NICU.

 L-1: What Is Necrotizing Enterocolitis (NEC)?

NEC is a disease of infants and is characterized by necrosis of the ileum and/or 
colon. The level of involvement can range from mild inflammation of the bowel 
wall to frank, full-thickness necrosis, leading to bowel perforation and consequent 
devastating morbidity. NEC is the most common gastrointestinal (GI) emergency in 
premature infants [1], with an overall incidence of approximately 1  in 1000 live 
births. This incidence increases to 3–10% in infants born at less than 1500 g. This is 
a highly morbid disease, with overall mortality ranging from 15% to 30% and 
increasing to 50% in patients going to surgery [2]. The presentation of NEC varies 
from mild intestinal signs to severe systemic illness, but the common underlying 
disorder is severe inflammation of the GI tract. This is thought to be due to an inap-
propriate inflammatory response to a variety of insults, including ischemia and 
hypoxia, with contribution from abnormalities in bacterial colonization, intestinal 
motility, barrier function, and immune response [1].

The etiology of NEC has not been traced to a single clear mechanism, but several 
risk factors have been found to have a strong association with NEC [3]. Predisposing 
factors to NEC can be divided into intrinsic and extrinsic categories in relationship 
to the neonate, as well as belonging to either the peripartum period or the neonatal 
period or being feeding-related (Table  11.1). A shared characteristic of many of 
these risk factors is that they can affect the systemic circulation and potentiate 
downstream ischemia. The patient in this case chapter presents with three intrinsic 
factors of significance: congenital heart disease, a history of respiratory distress 
syndrome, and sepsis.

Several extrinsic factors have also been implicated in the development of 
NEC. The most studied extrinsic factor is feeding practices. Initiating feeds too 
early and increasing feeds too rapidly are both associated with a higher risk of 
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NEC, possibly due to mucosal damage from the feeds’ hyperosmolarity [3]. The 
use of human breast milk appears to reduce both the incidence of NEC and the 
incidence of surgery for NEC, likely because it contains immunologically protec-
tive components [4]. Histamine 2 blockers also appear to increase the incidence of 
NEC, presumably due to the effect of changes in gastric pH on the bacterial flora of 
the GI tract [5].

The initial diagnosis and staging is made using systemic, abdominal and radio-
graphic criteria; it is logical to diagnose and stage NEC in terms of certainty and 
severity (Table 11.2). Treatment for NEC is most often medical. Initial management 
includes bowel rest, abdominal decompression, broad-spectrum antibiotics, IV fluid 
resuscitation, and parenteral nutrition [1]. Additional supportive care is dictated by 
the patient’s clinical condition and serial examinations, and imaging should be per-
formed to determine if surgery is necessary.

There are absolute and relative indications for surgery in NEC. The only absolute 
indication for surgery is frank bowel perforation [6] , which can be detected on 
abdominal imaging as pneumoperitoneum (Fig. 11.1) (or, less commonly, by find-
ing the presence of stool or bile on paracentesis). Relative indications include clini-
cal deterioration despite maximal medical therapy, radiographic findings such as 
portal venous gas or fixed loops on abdominal radiograph, or physical exam find-
ings such as abdominal wall erythema and palpable abdominal mass (Table 11.3). 
The two primary surgical interventions are laparotomy versus primary peritoneal 
drainage. Although patients receiving primary peritoneal drainage often undergo 
laparotomy at a later time, both methods have similar 90-day outcomes [7]. The 
primary goals of surgical treatment are to remove necrotic bowel and control intra- 
abdominal sepsis. These are balanced with the consideration of preservation of as 

Table 11.1 List of proposed risk factors for NEC.  Known intrinsic risk factors affecting the 
patient in this are in bold italics

Period
Proposed risk factors for neonatal necrotizing enterocolitis
Intrinsic Extrinsic

Peripartum 
events

Maternal eclampsia or preeclampsia
Absent or reversed end-diastolic umbilical 
artery blood flow
Fetal distress

Premature rupture of membranes
Delivery by cesarean section
Perinatal asphyxia
Perinatal hypothermia

Neonatal 
period

Respiratory distress syndrome
  Apneic episodes
Congenital heart disease
  Persistent fetal circulation
Persistent ductus arteriosus (PDA)
Sepsis

Umbilical catheterization
Exchange transfusion
Pharmacological treatment of 
PDA
Histamine-2 blockers

Feeding 
regimen

Formula feed (as opposed to 
breast milk)
High-density milk formula
Early enteral feeding
Rapid advancement of enteral 
feeding
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Table 11.2 Modified bell criteria for staging NEC

Stage Systemic criteria Abdominal criteria Radiographic criteria

1a: suspected 
NEC

Temperature instability, 
apnea, bradycardia

Increased pregavage 
residuals, mild 
abdominal 
distension, occult 
blood in stool

Normal or intestinal 
dilatation, mild ileus

1b: suspected 
NEC

Same as above Grossly bloody stool Same as above

2a: definite NEC; 
mildly ill

Same as above Same as stage 1 plus 
lack of bowel 
sounds, possible 
abdominal 
tenderness

Ileus, pneumatosis 
intestinalis

2b: definite NEC; 
moderately ill

Same as stage 1 plus mild 
metabolic acidosis, mild 
thrombocytopenia

Same as above plus 
peritonitis, definite 
abdominal 
tenderness, possible 
cellulitis, right lower 
quadrant mass

Same as above plus 
possible portal venous 
gas

3a: advanced 
NEC; severely 
ill, intact bowel

Same as stage 2b plus 
hypotension, severe apnea, 
combined respiratory and 
metabolic acidosis, 
disseminated intravascular 
coagulation, and neutropenia

Same as above with 
marked tenderness 
and abdominal 
distension

Same as above plus 
ascites

3b: advanced 
NEC; severely 
ill, perforated 
bowel

Same as stage 3a Same as stage 3a Pneumoperitoneum

Adapted from Dominguez and Moss [1]. With permission from Elsevier

Air under diaphragm

Dilated loops of bowel

Fig. 11.1 Upright abdominal radiograph showing pneumoperitoneum in an infant with NEC. This 
is a sign of advanced NEC and an indication for surgical intervention. (Adapted from Hall et al. 
[3]. With permission from Elsevier)
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much intestinal length as possible. Postoperative care consists of physiologic sup-
port, which may include fluid resuscitation, vasopressor use, and ventilator support. 
Antibiotics are continued and gastric decompression is continued until bowel func-
tion returns. Approximately 5% of NEC cases recur, most commonly in patients 
with an underlying disease such as congenital heart disease. Usually recurrence can 
be managed nonoperatively [8].

 L-2: What Is the Significance of This Infant’s Comorbidities 
(VSD, PDA, CLD, Abdominal Wall Defects)

In addition to the expected technical issues related to performing surgery and anes-
thesia on a low birth weight (LBW) or very low birth weight (VLBW) infant (see 
L-3), this patient had several comorbidities that are commonly associated with pre-
maturity. Each of these likely had some contribution to her course and the develop-
ment of NEC, so it is important for the anesthesiologist to understand some key 
clinical features of each of these conditions.

 Ventricular Septal Defect (VSD)

VSDs are the most common congenital heart defects, comprising 20–30% of all 
congenital heart defects [9], with a prevalence of 2.6/1000 in the general popula-
tion. The direction and magnitude of blood flow through the VSD depends on the 
size of the defect and the difference between left-sided and right-sided ventricu-
lar pressures. In the fetal circulation, the right ventricle must generate high pres-
sures in response to the relatively high resistance of the pulmonary vascular bed. 
Therefore, VSD flow is typically right to left. However, at birth, the transition 
from fetal to neonatal circulation causes a decrease in pulmonary vascular resis-
tance and a corresponding decrease in right ventricular workload. Concurrently 
there is an increase in systemic vascular resistance, and the left ventricle becomes 
the dominant ventricle [9].

Table 11.3 List of indications for surgery in acute NEC

Indications for surgery in acute NEC

Absolute 
indications

Frank bowel perforation (pneumoperitoneum or evidence of stool/bile on 
paracentesis)

Relative 
indications

Clinical deterioration despite maximal medical treatment
Abdominal mass with persistent intestinal obstruction
Increased abdominal tenderness, distension, and/or discoloration
Portal vein gas

Based on data from Ref. [3]
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Thus, in the infant, flow through the VSD is typically left to right during systole. 
This results in higher right ventricular end-diastolic volumes and increased pulmo-
nary blood flow. The left-to-right shunt can lead to a corresponding decrease in 
systemic blood flow and, ultimately, a decrease in mesenteric blood flow. Also, in 
the critically ill neonate, pulmonary vascular resistance may occasionally be higher 
than systemic due to the stiff lung parenchyma and the effects of positive pressure 
ventilation. A right-to-left shunt will result in a decrease in systemic oxygen deliv-
ery due to a lower saturation of hemoglobin. Both scenarios can result in intestinal 
ischemia and injury and thus produce an environment that predisposes the infant to 
developing NEC. In one large study, infants with VSDs had a 7.8% incidence of 
NEC, compared to an incidence of 6.2% in infants without septal defects [10]. 
Small VSDs are usually tolerated well from a hemodynamic standpoint, but infants 
with large VSDs are prone to ventricular dilation and ventricular dysfunction, espe-
cially if left unrepaired. In this patient the VSD was reported as small and hemody-
namically insignificant and thus was likely not the most significant contributor to 
the development of NEC.

 Patent Ductus Arteriosus (PDA)

PDA is a congenital condition in which the ductus arteriosus connecting the aorta 
and the pulmonary artery fails to close after birth. The ductus arteriosus exists as 
part of the fetal circulation, allowing blood to bypass the fluid-filled lungs. Normally, 
at birth, the loss of prostaglandin E2 from the placenta allows the ductus to close 
and become the vestigial ligamentum arteriosum. Failure of the ductus arteriosum 
to close is common in premature infants, with an incidence of 20–40% in infants 
born at less than 1000 g [11]. Delayed closure of the ductus results in continued flow 
through it, with direction and magnitude depending on the difference between the 
resistances of the pulmonary and systemic vascular beds. Typically, as systemic 
pressures are higher than pulmonary pressures in the infant, the PDA will result in 
a left-to-right shunt.

As with a VSD, a PDA with a significant amount of flow can lead to pulmonary 
overcirculation and a concomitant decrease in systemic and mesenteric flow. Thus, 
it is thought that the existence of PDA also contributes to the development of 
NEC. One study showed a 9.4% incidence of NEC in infants with PDAs versus a 
5.5% incidence in all infants [12]. Treatment of PDA consists of either surgical liga-
tion or medical treatment with indomethacin, a prostaglandin inhibitor. The use of 
indomethacin in patients at risk for NEC is controversial as indomethacin is thought 
to also have a vasoconstricting effect on mesenteric vessels, potentially increasing 
the risk of NEC. However, one systemic review did not demonstrate a difference in 
the incidence of NEC when looking at surgically repaired PDAs versus those treated 
with indomethacin [13].
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 Chronic Lung Disease (CLD)

CLD is seen in premature infants who have undergone prolonged mechanical ven-
tilation, usually for treatment of respiratory failure or apnea. Multiple issues con-
tribute to the development of CLD, including barotrauma, oxygen toxicity, and 
chronic inflammation. Clinically, CLD manifests as increased airway resistance 
and decreased lung compliance in addition to problems with gas exchange, all of 
which lead to ventilation/perfusion mismatch [14]. Ventilation of these patients 
can be challenging, requiring a balance between adequate oxygenation and venti-
lation without worsening barotrauma and oxygen toxicity. Lessons from the 
ARDSNet low tidal volume protocol have been applied to this case, with permis-
sive hypercapnia being tolerated in order to use lower mean airway pressures 
during ventilation [15]. The end-tidal CO2 of 70 mmHg in the patient is indicative 
of the aforementioned concerns and strategies. Ventilation that would target a 
normal carbon dioxide tension would have required increased mean airway pres-
sure that would exacerbate barotrauma and volutrauma. Anesthesiologists often 
have a strong compulsion to optimize ventilation and oxygenation whenever pos-
sible, and this drive should be tempered in such a situation.

 Gastroschisis and Omphalocele

Gastroschisis is a rare abdominal wall defect, with an incidence of 0.3–2 per 
10,000 births [16]. Omphalocele is slightly more common, with an incidence of 
approximately 1 in 5000 births. These two conditions are similar in gross physi-
cal appearance but have some key differences in etiology and clinical associa-
tions (Fig. 11.2). An omphalocele is essentially a midline defect of the umbilical 
ring, with the abdominal contents extruding through the defect but contained 
within a sac composed of the peritoneal and amniotic membranes. Seventy-five 
percent of infants with an omphalocele will have other anomalies, including 
cardiac defects (most commonly VSDs) and cranial, urogenital, and limb abnor-
malities [17] (Table 11.4). Up to 40% are found to be syndromic (most com-
monly Beckwith-Wiedemann), with 20–30% having a chromosomal abnormality. 
In contrast, the defect in gastroschisis usually occurs to the right of the umbili-
cal cord, and the extruded bowel is not covered by a sac (although it may be 
covered with an inflammatory exudate). Gastroschisis usually occurs as an iso-
lated defect, although there is an association with intestinal malrotation and 
intestinal atresia.

Management of both defects is similar and ultimately requires surgical 
repair. Preoperative management includes fluid resuscitation, maintenance of 
normothermia, gastric decompression, and broad-spectrum antibiotics. Surgical 
repair is often staged, as forcing the viscera into an underdeveloped abdominal 
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cavity can impair ventilation and venous return. Although repair is usually quite 
efficacious and 95–97% survival is expected, it is important to note that these 
defects do have an association with NEC [9]. This is due to several factors, 
including bowel ischemia from increased abdominal pressure, an overall 
increased risk of sepsis, and the development of adhesions and/or bowel 
obstruction.

Table 11.4 Incidence of associated comorbidities in 93 patients with omphalocele and 29 patients 
with gastroschisis

Abdominal wall defect Associated comorbidity % of patients affected

Omphalocele Chromosomal syndrome 20
Beckwith-Wiedemann 12
Pentalogy of Cantrell 9
Cardiac 24
Cranial 11
Urogenital 10
Limb 10
Umbilical 8
Total 73

Gastroschisis Cardiac 12
Urogenital 7
Limb 2
Total 23

Based on data from Ref. [17]

Fig. 11.2 Morphologic differences between omphalocele and gastroschisis. Omphalocele, in the 
left image, is characterized by a sac covering the bowel contents. Gastroschisis, seen in the above 
image, has no covering over the extruded bowel. (Reprinted from Langer [35]. With permission 
from Springer Science + Business Media)
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 L-3: What Were the Anesthetic Issues During the Induction 
and Maintenance of Anesthesia (Monitoring and Vascular 
Access and Induction and Maintenance Medications)

 Monitoring and Vascular Access

In addition to the ASA standard monitors for oxygenation, ventilation, circulation, 
and temperature, an important decision for this patient is the use of invasive hemody-
namic monitors. Direct measurement of arterial blood pressure using a catheter is 
indicated when precise beat-to-beat blood pressure monitoring is required or if fre-
quent blood samples are required (usually for measuring arterial blood gas values). 
Indications for serial arterial blood gases include patients with significant abnormali-
ties in gas exchange due to pre-existing disease or related to the procedure, such as 
the use of lung isolation [9]. In this patient, both hemodynamic and respiratory fac-
tors point toward a need for an indwelling arterial catheter, given that she was under-
going a large abdominal surgery and also had pre-existing CLD with abnormal 
pulmonary function. During this case an arterial line was attempted, but the patient’s 
prolonged NICU stay and history of previous indwelling arterial catheters made it 
extremely technically difficult. Given the urgent nature of the case and concern for 
impending decompensation, it was decided to proceed with surgery rather than to 
continue struggling with the arterial line. For academic interest, we will note that the 
anatomic sites most frequently used for arterial line placement are the radial, ulnar, 
dorsalis pedis, posterior tibial, and femoral arteries. The brachial artery is avoided 
because of the poor collateral flow around the elbow, but the axillary artery may be a 
favorable option because it has more collateral flow [18]. Other options include using 
a Doppler flow transducer to localize an artery that is difficult to palpate or using a 
surgical cutdown technique for patients in whom percutaneous attempts have failed.

Central venous catheter placement has three relative indications: inadequate 
peripheral venous access, central venous pressure (CVP) monitoring, and infusion 
of hyperosmolar or sclerosing substances. This patient arrived in the OR with a 
22-gauge 1-in.-long peripheral IV, which has a mean flow rate of 24–26 mL/min [9]. 
While this would usually suffice for more minor surgery in a small infant, patients 
with significant fluid requirements (such as those undergoing open abdominal sur-
gery) may require additional access. Infusion rates of at least 20 mL/kg/h are com-
monly maintained during surgery for NEC, with additional fluids often required 
[14]. Peripherally inserted central catheters, being of small gauge and long relative 
length, are limited by Poiseuille’s law to significantly restricted flow and are thus 
not useful for rapid infusion. The use of central venous pressure for hemodynamic 
monitoring is discussed further in L-4, but it is worthwhile to mention that CVP data 
can be used in combination with other data to help form a fluid management plan, 
particularly in patients in whom large fluid shifts or blood loss are expected. CVP 
data is also useful for measuring visceral compression during abdominal closure 
[19]. Therefore the insertion of a femoral central venous catheter was very reason-
able in this patient.
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 Induction and Maintenance Medications

An important goal of induction for premature infants is the avoidance of large 
hemodynamic swings. Endotracheal intubation with inadequate anesthesia may 
cause a sudden rise in arterial and intracranial pressure, leading to intraventricular 
hemorrhage [14]. Conversely, anesthesia-induced hypotension can reduce cerebral 
and systemic blood flow, which may lead to cerebral and systemic ischemia. An 
additional complication is the relative immaturity of the neonatal autonomic ner-
vous system, where parasympathetic responses predominate due to relatively 
reduced myocardial sympathetic innervation [20]. As a result, profound bradycardia 
and even cardiac arrest can occur in response to either induction hypotension or to 
a vagal response during intubation with inadequate anesthesia. For patients without 
an endotracheal tube in place, a common induction regimen includes propofol 
2–3 mg/kg with vecuronium 0.1 mg/kg, although other hypnotics and paralytics can 
be used as well, depending on the clinical context. In hemodynamically unstable 
patients, more stable options for induction can include ketamine 1.5–2 mg/kg with 
or without fentanyl 2–5 mcg/kg or just a non-depolarizing neuromuscular blocker. 
For a patient with an endotracheal tube in situ, reduced doses of induction medica-
tions can be used while transitioning to maintenance anesthesia. The use of propofol 
in this case was made at the discretion of the anesthesiologist but evidently indicates 
the patient was hemodynamically stable at the start of surgery. The patient tolerated 
induction without evidence of hemodynamic compromise.

Anesthesia can be maintained via several different approaches, although, classi-
cally, a combined technique using a volatile anesthetic with intravenous opioids is 
most often used. Sevoflurane and isoflurane are currently the most common volatile 
anesthetics used, although they do have dose-related cardiodepressant activity. 
Nitrous oxide should not be used for abdominal surgery because it will diffuse into 
and enlarge the intestines. Non-depolarizing muscle relaxants are also often used 
for abdominal surgery to relax the abdomen and facilitate surgical exposure and the 
abdominal closure. For this patient, maintenance was achieved with sevoflurane, 
along with titrated doses of fentanyl and vecuronium.

 L-4: What Were the Anesthetic Issues Intraoperatively 
(Ventilator Management, Temperature Regulation,  
Fluid Management)

Several issues were present during this case that presented significant anesthetic 
challenges, including ventilator management, temperature regulation, and fluid 
management.

C. Nguyen et al.



221

 Ventilator Management

Ventilation and oxygenation for this patient were significant issues, requiring a 
careful balance between optimizing tissue oxygen delivery and blood pH versus the 
risk of worsening long-term sequelae of mechanical ventilation. In L-2 we dis-
cussed the challenges of managing a patient with CLD with regard to ventilating a 
patient with abnormal lung compliance and gas delivery. Intraoperatively during 
this case, ventilator settings were changed from the NICU settings, with an increase 
in inspired pressure from 25 to 35 cmH2O, as well as a slight increase in respiratory 
rate. This was done in response to high end-tidal carbon dioxide measurements, 
which presents three concerns. First, as previously discussed, it is often prudent to 
allow a degree of hypercapnia in order to implement smaller tidal volumes and 
lower mean airway pressures during ventilation [15]. Second, end-tidal capnogra-
phy in small infants is often inaccurate, due to air leak around the endotracheal tube 
and a large ratio of physical dead space to tidal volume [14]. This is another reason 
that an indwelling arterial catheter would be useful, as it would allow direct mea-
surement of carbon dioxide tension and blood acid-base balance. Third, the ability 
of some anesthesia machines to accurately measure delivered tidal volumes in small 
neonates is negatively affected by the compliance of the breathing circuit. This is 
especially significant when using volume-control modes of ventilation, where ven-
tilators without compliance compensation can deliver less than half of the set tidal 
volume [21]. Furthermore, it is important to note that any increase in mean airway 
pressure necessarily results in an increase in intrathoracic pressure. If significant 
enough, or combined with concomitant hypovolemia, venous return and thus car-
diac output can be impaired.

Targeting appropriate oxygen saturation is another challenge in preterm infants. 
It is increasingly being recognized that hyperoxia is deleterious to premature infants, 
having been shown to be associated with retinopathy of prematurity (ROP), injury 
to the developing brain, childhood cancers, and infection [22]. Unfortunately, it is 
less clear what the appropriate range of oxygen saturation should be and what to 
target intraoperatively. One recent meta-analysis came to the conclusion that target-
ing SpO2 85–89% increased mortality, whereas targeting SpO2 91–95% was associ-
ated with higher rates of ROP [23]. Part of the challenge with both ranges was 
difficulty in maintaining compliance; for example, caregivers targeting 91–95% 
would often overlook SpO2 above the target range. The authors suggested that wider 
intermediate targets, such as a range of 87–94%, would allow for easier patient care 
and compliance. It is stressed that even temporary exposure to hyperoxia can have 
deleterious effects, including during transport and intraoperatively. The takeaway 
message for the anesthesiologist is that oxygen is a drug, with both positive and 
negative effects, and the decision to use hyperoxic mixtures should be made ratio-
nally and with specific intent.

11 Necrotizing Enterocolitis in the Premature Infant



222

 Temperature Regulation

Premature and low birth weight infants are at high risk for hypothermia during sur-
gery, due to a combination of environmental factors and immature compensatory 
mechanisms. Infants have a large surface area to volume ratio and reduced subcuta-
neous fat, thus predisposing them to radiant and convective heat loss [9]. They also 
depend on non-shivering thermogenesis for heat production, which utilizes mito-
chondrial uncoupling in brown adipose tissue to generate heat. It has been shown 
that volatile anesthetics are potent inhibitors of brown adipose tissue thermogenesis 
[24]. In addition, during abdominal surgery there is increased exposure of the vis-
ceral surfaces, and it has been shown that evaporative heat loss in this setting may 
equal all other sources of intraoperative heat loss combined [25]. Hypothermia is 
associated with potentially severe consequences related to increased oxygen con-
sumption, metabolic acidosis, and with severe hypothermia, dysfunction at the cel-
lular level [9]. In a patient with pre-existing cardiovascular and respiratory disease, 
hypothermia can be disastrous.

Measures should be taken to keep the patient warm both during transport and 
intraoperatively. They should be transported in a warmed incubator to a pre-warmed 
operating room. It is suggested that the room be warmed to 27 °C for a full-term 
infant and 29 °C for a premature infant [9]. Other measures that should be used are 
warming mattresses, forced-air warming systems, and warmed fluids. If intraopera-
tive lavage is being used, the solutions should also be warmed to body temperature. 
Finally, it is also important to keep the infant’s head covered and to keep the skin 
and drapes dry to reduce conductive heat loss [14].

 Fluid Management

Perhaps the most challenging aspect of this case was assessment of volume status 
and management of fluid replacement. As previously stated, this infant was dealing 
with high rates of evaporative fluid loss from exposed viscera, in addition to ongo-
ing surgical blood loss. The goal with fluid resuscitation is to maintain adequate 
cardiac output and perfusion pressure, but excessive fluid therapy has been shown 
to increase mortality [26]. Thus the key is to be able to predict fluid responsiveness 
and titrate fluids using rational parameters. Traditional clinical assessment based on 
physical examination and routine monitoring is often imprecise and inadequate in 
children [27]. Many other variables have been studied for assessing fluid respon-
siveness, including CVP, pulmonary artery occlusion pressures, transesophageal 
Doppler measurements, inferior vena cava diameter variation, and systolic pressure 
variation.

Ideally, a hemodynamic variable would exist that could be used to predict 
whether a patient would have an increase in cardiac output in response to fluid 
resuscitation. A recent systematic review failed to find any studies that demonstrated 
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predictive value of heart rate, CVP, pulmonary artery occlusion pressure, left ven-
tricular end-diastolic area, global end-diastolic volume index, ultrasound dilution 
measurements, and Doppler measurements [28]. Additionally, dynamic variables 
that are useful predictors in adults (systolic pressure variation and pulse pressure 
variation) were also not found to be predictive in children in this review. Only one 
of the seven studies investigating the use of pulse pressure variation was able to 
demonstrate a positive result [29]. The authors of the review speculate that dynamic 
variables based on arterial pressure are less useful in children than adults because 
the pediatric arterial system is more compliant. Such measurements are based on the 
magnitude of change in arterial blood pressure induced by ventilation, which will be 
smaller when thoracic and arterial compliance are higher. The only variable that was 
identified in multiple studies to be predictive was respiratory variation in aortic 
blood flow peak velocity, but the requirement of Doppler echocardiography pre-
cludes this from being widely used at this time.

There are a few other modalities studied recently which show some promise. 
One small study investigated the use of stroke volume variation as measured by 
continuous noninvasive cardiac output monitoring (NICOM) to predict fluid respon-
siveness in children after VSD repair [30]. NICOM is a bioreactance-based modal-
ity that involves electrode placement on the thorax and then analyzes relative phase 
shifts of the oscillating currents that occur when an induced current travels through 
the thorax. They found that measurements of stroke volume variation greater than 
10% using NICOM were predictive of fluid responsiveness. This is the first such 
study in children and will require further validation but may become a future tool 
for directing fluid management.

For the time being, fluid management will most often be dictated by clinical 
status and serial laboratory studies (Table 11.5). During surgery for NEC, mainte-
nance fluids need to be continued to replace ongoing visceral fluid loss, both evapo-
rative and from exudation of protein-rich extracellular fluid [14]. One starting point 
is to use 10 mL/kg/h of crystalloid solution in combination with 10–20 mL/kg/h of 
5% albumin or fresh frozen plasma. The use of colloidal fluids is rational in this 
context, as a large amount of protein is lost through exudative loss from the bowel. 
These patients often also present with thrombocytopenia and prolonged prothrom-
bin and partial thromboplastin times, which may progress to disseminated intravas-
cular coagulopathy if not treated [9]. The anesthesiologist must closely track blood 

Table 11.5 Suggested starting regimen for fluid maintenance and replacement during surgery for 
NEC

Intraoperative fluid Suggested starting rate of infusion

Crystalloid solution (0.9% sodium chloride, lactated 
Ringer’s solution, Plasma-Lyte)

10 mL/kg/h

Colloid solution (5% albumin, fresh frozen plasma) 10–20 mL/kg/h
Packed red blood cells As necessary to replace blood loss
Fresh frozen plasma and platelets As necessary to treat coagulopathy
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loss and replace losses with PRBCs, FFP, and platelets as necessary to treat anemia 
and coagulopathy. If volume replacement does not improve perfusion, inotropic 
support may need to be started. As we see in this case, very large volumes were 
necessary to resuscitate this patient, totaling 166 mL/kg of crystalloid, 83 mL/kg of 
5% albumin, 50  mL/kg of PRBCs, and similarly large volumes of FFP and 
platelets.

 L-5: Pediatric Cardiopulmonary Resuscitation

Unfortunately, despite apparently aggressive volume resuscitation during the sur-
gery, this patient had a cardiac arrest occur shortly after abdominal closure. The 
most likely explanation for this event was the increased intra-abdominal pressure 
after fascial closure, which resulted in decreased venous return and thus decreased 
cardiac output. This is supported by the patient’s rapid improvement after the abdo-
men was reopened. While this is the most likely reason for the patient’s acute 
decompensation, other possibilities that should be considered include venous air 
embolism, dysrhythmias secondary to electrolyte abnormalities, inadequate ventila-
tion or oxygenation, and medication overdose or error.

Once cardiac arrest is recognized, the protocol for pediatric cardiopulmonary 
resuscitation is described in the Pediatric Advanced Life Support guideline [31] 
(Fig. 11.3). The basic principles are similar to those in adult resuscitation, in that 
the focus is on supporting ventilation and circulation. The initial response once 
cardiac arrest is recognized should include calling for help and immediately start-
ing chest compressions. The patient in the operating room should already be on 
standard monitors, but if not already present, monitors for ventilation and circula-
tion need to be placed. Adequate ventilation should be established, either with tra-
cheal intubation or an airway adjunct (laryngeal mask airway) if intubation is not 
possible [32]. This is one case where administering 100% oxygen clearly out-
weighs the risk of oxygen toxicity [9] in order to maximize oxygen delivery to vital 
organs. Chest compressions should be delivered on the lower third of the infant’s 
sternum, with a depth of approximately one third of the anterior-posterior diameter 
of the chest, at a rate of approximately 100 compressions per minute [33]. Either 
the two-hand encircling or two-finger technique can be used, but pressure needs to 
be released  completely between compressions to allow the chest to fully recoil. 
End-tidal CO2 can be a useful monitor of chest compression quality, with measure-
ments greater than 15 mmHg during CPR being a predictor of return of spontane-
ous circulation [34].

The presence of a shockable rhythm (either ventricular fibrillation or ventricular 
tachycardia) calls for defibrillation. The initial defibrillating dose is 2 J/kg, to be 
doubled if the first shock is unsuccessful. CPR should be continued between shocks 
and during medication administration. If the initial rhythm is found to be an 
unshockable rhythm, such as asystole or pulseless electrical activity (as in this case), 
CPR should be continued while drug therapy is started and possible treatable causes 
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are investigated. Drug therapy should of course be individualized for the clinical 
situation at hand, as anesthesiologists often have a much clearer idea of the events 
leading up to the arrest as compared to sudden arrests that occur outside of the 
OR.  However, it is standard to begin with intravenous epinephrine at a dose of 
10 mcg/kg. This patient received a total dose of 41 mcg/kg, comprised of several 

CPR Quality
Doses/Details

Advanced Airway

Shock Energy
for Defibrillation
First shock 2 J/kg, second
shock 4 J/kg, subsequent
shocks ≥4 J/kg. maximum
10 J/kg or adult dose.

Drug Therapy
• Epinephrine IO/IV Dose:
  0.01 mg/kg (0.1 mL/kg of
  1:10 000 concentration).
  Repeat every 3-5 minutes.
  If no IO/IV access, may
  give endotracheal dose:
  0.1 mg/kg (0.1 mL/kg of
  1:1000 concentration).
• Amiodarone IO/IV Dose:

5 mg/kg bolus during
cardiac arrest. May repeat
up to 2 times for refractory
VF/pulseless VT.

• Endotracheal intubation
  or supraglottic advanced
  airway
• Waveform capnography
  or capnometry to confirm
  and monitor ET tube
  placement
• Once advanced airway in
  place give 1 breath every
  6-8 seconds (8-10 breaths
  per minute)

Reversible Causes
– Hypovolemia
– Hypoxia
– Hydrogen ion (acidosis)
– Hypoglycemia
– Hypo-/hyperkalemia
– Hypothermia
– Tension pneumothorax
– Tamponade, cardiac
– Toxins
– Thrombosis, pulmonary
– Thrombosis, coronary

• Push hard (≥ 1/3 of anterior-
  posterior diameter of chest)
  and fast (at least 100/min)
  and allow complete chest
  recoil
• Minimize interruptions in
  compressions
• Avoid excessive ventilation
• Rotate compressor every
  2 minutes
• If no advanced airway,
  15:2 compression-
  ventilation ratio. If advanced 
  airway, 8-10 breaths per 
  minute with continuous
  chest compressions
   

Return of Spontaneous
Circulation (ROSC)
• Pulse and blood pressure
• Spontaneous arterial
  pressure waves with
  intra-arterial monitoring

Pediatric Cardiac Arrest
Shout for help/activate emergency response

Start CPR

Yes

Yes

Yes

Yes

Yes

Shock

Shock

Shock

VF/VT

Rhythm
shockable?

Rhythm
shockable?

Rhythm
shockable?

Rhythm
shockable?

Go to 5 or 7

Asystole/PEA

1

2

9

3

4

5

6 10

7

8 11

No

No

No

No

No

• Give oxygen
• Attach monitor/defibrillator

CPR 2 min
• IO/IV access

CPR 2 min
CPR 2 min

CPR 2 min

• Epinephrine every 3-5 min
• Consider advanced airway

• IO/IV access
• Epinephrine every 3-5 min
• Consider advanced airway

• Treat reversible causes
CPR 2 min

12

• Asystole/PEA →10 or 11
• Organized rhythm → check pulse
• Pulse present (ROSC) →
  post–cardiac arrest care

• Amiodarone
• Treat reversible causes

Rhythm
shockable?

Fig. 11.3 The American Heart Association algorithm for management of pediatric cardiac arrest. 
(Reprinted from Kleinman et al. [31]. With permission from Wolters Kluwer Health, Inc.)
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divided doses. Although this dose is higher than what standardized protocols would 
call for, the anesthesiologist in the case adjusted the dose to treat a specific clinical 
situation (e.g., loss of venous preload causing decreased cardiac output and compro-
mised myocardial perfusion). Atropine is not used in the PALS protocol, but can be 
given for treatment of bradycardia associated with hypotension at a dose of 0.02 mg/
kg [9]. In this case, given the initial bradycardia and a possible vagal component 
from peritoneal stretch, the anesthesiologist gave a total of 0.05 mg/kg of atropine 
over divided doses.

In the case of sudden arrest with pulseless electrical activity, there is often a 
reversible cause, and the most important treatment is to find and correct that cause. 
The commonly used mnemonic for differential diagnosis is the seven H’s (hypovo-
lemia, hypoxia, hydrogen ion [acidosis], hypoglycemia, hypo-/hyperkalemia, hypo-
thermia, and hypothermia) and five T’s (tension pneumothorax, cardiac tamponade, 
toxins, pulmonary thrombosis, and coronary thrombosis). Recognition and treat-
ment of these causes can often improve the chances of return of spontaneous circu-
lation. In this case, the treating team was able to recognize the relative hypovolemia 
that occurred as a result of the abdominal closure. Abandoning the closure and 
packing the incision ultimately led to patient survival.

In retrospect, it is important to consider if there existed any actions that could 
have reliably prevented the cardiac arrest from occurring. Given that bradycardia 
did not occur until several minutes after the initiation of closure, it is reasonable to 
presume that there may have been some concomitant hypotension. Depending on 
the cycle time of the noninvasive blood pressure cuff, this may not have been noticed 
as expeditiously as possible. A continuous invasive monitor such as an arterial line 
would have allowed for quicker recognition of hypotension, and that information 
may have allowed the surgical team to respond faster. Similarly, CVP monitoring 
would have provided more rapid indication that venous return was compromised by 
the abdominal closure. In the setting of other abdominal surgeries, increases in CVP 
greater than 4  mmHg above baseline were associated with reduction in venous 
return and decreased cardiac output [19].
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Chapter 12
Postoperative Respiratory Distress 
in the PACU: A Unique Differential 
Diagnosis

Brittany Grovey and Jonathan L. Benumof

 Case Summary

This is a case of a patient with likely obstructive sleep apnea (OSA), perioperative 
anxiety, and questionable residual neuromuscular blockade, who experienced vocal 
cord dysfunction in the postanesthetic care unit (PACU) leading to respiratory dis-
tress. In order to understand the patient’s postoperative respiratory distress, it is 
necessary to have a good understanding of the preoperative and intraoperative risk 
factors present in this patient.

 Case Specifics

The patient is a 54-year-old male who is 5′11″ and 129 kg with a BMI of 39.7 kg/
m2 scheduled for laparoscopic umbilical hernia repair under general anesthesia.

His cardiopulmonary history was significant for well-controlled hypertension 
with >4 metabolic equivalents (METS) exercise tolerance without cardiac symp-
toms. Although the patient had not been formally diagnosed with OSA, he had an 
elevated STOP-Bang questionnaire score of 7 and was therefore considered at high 
risk for having OSA (see Lesson 1, [L-1]). He was HIV positive with a history of 
Kaposi sarcoma of the foot treated with chemotherapy and radiation. He also had 
anxiety with attacks usually manifesting as palpitations, but had occasionally expe-
rienced attacks with palpitations and stridorous breathing (see [L-2]). He had taken 
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all prescribed medications on the morning of surgery, including metoprolol, ata-
zanavir, ritonavir and lorazepam.

On physical exam, the patient was an anxious, obese male lying on a gurney with 
a room air oxygen saturation of 97%. He had a class III Mallampati airway score, 
but an otherwise favorable airway exam. The cardiac and pulmonary exams were 
unremarkable.

His preoperative laboratory results, vital signs, and electrocardiogram were 
within normal limits.

The patient was pre-medicated with midazolam 2 mg IV and taken to the operat-
ing room. Upon arrival to the operating room, the patient self-transferred to the 
operating table, and standard ASA monitors were placed. Vital signs were noted to 
be within the patient’s baseline values. A two-lead peripheral nerve stimulator was 
placed to stimulate the left orbicularis oculi muscle (see [L-3]), and the patient was 
positioned on an intubating ramp in order to optimally align the oral, pharyngeal, 
and laryngeal axes. He was preoxygenated with 100% FiO2 for >5  min prior to 
induction, and a time-out verifying the patient, procedure, and intraoperative plan 
was performed.

The patient underwent an uneventful intravenous induction with fentanyl, hydro-
morphone, lidocaine, and propofol via a peripheral IV. The patient was hand venti-
lated via mask with an oral airway in place. A train-of-four (TOF) stimulus was 
administered via the peripheral nerve stimulator and noted to produce moderate 
contractions of the orbicularis oculi muscle, which served as a control prior to 
administration of rocuronium 80 mg IV. Once complete loss of single twitches was 
achieved (see [L-4]), direct laryngoscopy was performed, yielding a Grade 2 view 
with atraumatic placement of an 8.0  mm internal diameter, cuffed endotracheal 
tube. Partial pressure end tidal CO2 (PetCO2) and bilateral breath sounds were veri-
fied prior to placing the patient on the ventilator. Anesthesia was maintained with 
sevoflurane via the anesthesia machine ventilator with volume control settings 
titrated to maintain a PetCO2 of 33–40 mmHg.

The case proceeded uneventfully. Upon successful completion of the case, the 
patient’s neuromuscular blockade was reversed with a dose of neostigmine (5 mg) 
plus glycopyrrolate (0.8 mg) after two twitches of the orbicularis oculi muscle were 
verified with the peripheral nerve stimulator (see [L-4]).

Prior to emergence, four twitches plus a sustained 5-s tetanic response at 100 Hz 
were confirmed (see [L-4]). The oropharynx was suctioned. Prior to extubation, the 
patient was spontaneously ventilating with tidal volumes of 550–600 cc with a PetCO2 
of 47  mmHg. During emergence, the patient demonstrated emergence agitation, 
requiring multiple nurses to keep him from reaching up and self-extubating. Once the 
patient was following commands appropriately, he was extubated with an oral airway 
in situ and placed on 6 L/min of oxygen delivered via a simple facemask.

Upon transport to the PACU, the patient became extremely anxious and devel-
oped stridorous breath sounds. The oral airway was removed per the patient’s 
request upon arrival to PACU.  Standard ASA monitors were placed with SpO2 
> 95% on 6 L O2 via simple facemask. The patient was very anxious with visibly 
increased work of breathing. His main mode of communication was with hand 
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gestures – indicating that he felt his throat was closing. Pulmonary exam during 
this time revealed poor air movement with inspiratory stridor. Given the patient’s 
increased work of breathing and continued stridor, he was placed on 100% FiO2 via 
a Mapleson circuit. The patient reported subjective improvement with the gentle, 
hand-delivered pressure support (PS) and positive end expiratory pressure (PEEP) 
administered via the Mapleson circuit. Neuromuscular strength testing demon-
strated 5/5 strength in the upper extremities, although he demonstrated abnormal 
movements similar to a “floppy fish” (see [L-4]) in the lower extremities. The 
patient denied subjective feelings of weakness and, although visibly anxious, con-
tinued to maintain an appropriate level of consciousness – nodding appropriately in 
response to questions. Neostigmine 1.5  mg with glycopyrrolate 0.3  mg IV was 
given for concern of residual neuromuscular paralysis without improvement in 
respiratory mechanics. Noninvasive positive ventilation (NIPPV) via a ventilator 
was initiated and titrated to bi-level positive airway pressure (BiPAP) settings of 
PS/PEEP of 10/5 cmH2O with resultant tidal volumes of 600–700 cc and FiO2 of 
30%. Midazolam 1 mg IV was given with resolution of stridor and improvement of 
respiratory mechanics (see [L-2] and Table 12.1).

Table 12.1 Differential diagnosis of patient’s respiratory distress with supporting and conflicting 
evidence

Differential diagnoses Evidence Proposed mechanism

Paradoxical vocal 
cord dysfunction 
(PVCD)

History of anxiety and 
anxiety-induced stridora

Resolution with low-dose 
sedative/anxiolytic and 
NIPPV/BiPAPa

Note: No fiber-optic 
laryngoscopy performed to 
verify inspiratory vocal cord 
adduction

Postoperative anxiety producing 
paradoxical vocal cord dysfunction

Obstructive sleep 
apnea (OSA)

High STOP-bang scorea

Improvement with NIPPV/
BiPAPa

Alert mental statusb

Would usually be worsened by 
administration of sedatives/
anxiolyticsb

(1) Soft tissue obstruction leading to 
upper airway obstruction and 
respiratory distress
(2) Soft tissue obstruction leading to 
upper airway obstruction and anxiety, 
fueling PVCD

Residual 
neuromuscular 
blockade

“Floppy fish” movements in 
PACUa

Underdosing of neostigminea

5-s sustained tetany 
demonstrated prior to 
extubationb

No improvement with a repeat 
dose of reversal agentb

(1) Residual paralysis producing soft 
tissue obstruction leading to upper 
airway obstruction and respiratory 
distress
(2) Residual paralysis producing soft 
tissue obstruction leading to upper 
airway obstruction and anxiety, fueling 
PVCD

NIPPV noninvasive positive pressure ventilation, BiPAP bi-level positive airway pressure, PACU 
postanesthetic care unit
aEvidence in favor of diagnosis
bEvidence against diagnosis

12 Postoperative Respiratory Distress in the PACU: A Unique Differential Diagnosis



234

Vital signs remained within the patient’s baseline ranges throughout this event. 
After 30 min of BiPAP, the patient’s abnormal floppy fish movements had resolved, 
his emotional status had normalized, and his respiratory function had returned to 
normal. The NIPPV was discontinued, and the patient was placed on 2 L/min O2 
delivered via nasal cannula. The patient had no further events in the PACU and was 
discharged home 6 h later without complications (see [L-5]) after meeting PACU 
discharge criteria. Please see Table 12.2 for a timeline of preoperative, intraopera-
tive, and postoperative events.

 Lesson 1: What Tools Are Available for Obstructive Sleep 
Apnea (OSA) Risk Stratification?

Obstructive sleep apnea is the most common type of sleep-disordered breathing 
and is associated with a variety of conditions that increase perioperative mor-
bidity. The incidence of OSA is estimated to be between 9% and 25% in the 
general American population [1]. Many studies demonstrate an independent 
association between OSA and increased incidence of adverse perioperative 
events including, but not limited to, postoperative hypoxemia, re-intubation, 
pneumonia, arrhythmias, ischemia, cardiac arrest, hypotension, hypertension, 

Table 12.2 Timeline of 
perioperative events

Time Events

08:15 Arrival to operating room
08:16 Induction (IV)
08:16   Fentanyl 100 mg
08:29   Hydromorphone 1 mg
08:29   Lidocaine 100 mg
08:30   Propofol 300 mg (2.3 mg/kg)

  Rocuronium 80 mg (0.6 mg/kg)
08:25 Intraoperative management
08:50   Cefazolin 2000 mg
09:05   Inhaled sevoflurane
09:10   Two twitches demonstrated
09:18   Ondansetron 4 mg
09:21   Neostigmine 5 mg, glycopyrrolate 0.8 mg

  Four twitches, +5-s sustained tetany (50 Hz)
  Extubation

09:23 Arrival in PACU
09:26   Neostigmine 1.5 mg
09:26   Glycopyrrolate 0.3 mg
09:33   Midazolam 1 mg
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and unintended intensive care unit (ICU) admission [2, 3]. Given these risks, it 
is important to identify patients with OSA for appropriate perioperative man-
agement and postoperative discharge (see [L-5]).

The gold standard for measuring the severity of OSA is the polysomnography- 
determined Apnea-Hypopnea Index (AHI). Apneas are typically defined as an 
80–100% cessation of airflow lasting ≥10 s with associated arousal and/or 3% 
decrease in arterial oxygen saturation. Hypopneas are typically defined as a 
25–79% reduction of flow or volume from baseline breathing for ≥10  s with 
associated arousal and/or 3% decrease in arterial oxygen saturation. The AHI 
represents the number of apnea and hypopnea events per hour of sleep. Although 
polysomnography labs may differ in their measurement definitions, generally 
speaking, an AHI ≥5 and <15 is considered mild OSA, AHI ≥15 and <30 is 
considered moderate OSA, while an AHI ≥30 is considered severe OSA.

Many screening questionnaires have been developed in an attempt to best 
identify patients at risk for sleep-disordered breathing, the most popular of which 
are the Epworth Sleepiness Scale (ESS) (Fig. 12.1), the STOP and STOP-Bang 
questionnaires (Fig.  12.2), the Berlin Questionnaire (Fig.  12.3), the American 

Fig. 12.1 Epworth Sleepiness Scale questionnaire  – used to evaluate daytime sleepiness as a 
screening for sleep-disordered breathing
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STOP-Bang questionnaire

Yes / No

S   (Snoring): Do you snore loudly (louder than talker or loud enough to be
heard through closed doors)?

T   (Tired): Do you often feel tired (tired, fatigued or sleepy during the
daytime)?

P

B

A

N

G

   (Pressure): Do you have or are you being treated for high blood
pressure?

O (Observed): Has anyone observed you stop breathing during your sleep?

(BMI): Is your BMI > 35 kg/m2?

(Age): Age over 50 years old?

(Neck Circumference): Neck circumference > 40 cm?

(Gender): Gender male?

High risk of OSA: answering yes to three or more questions
Low risk of OSA: answerign yes to less than three questions

Fig. 12.2 STOP-Bang questionnaire example  – used as a screening tool for sleep-disordered 
breathing

Fig. 12.3 Berlin Questionnaire example – used as a screening tool for sleep-disordered breathing
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Society of Anesthesiologists (ASA) checklist (Fig. 12.4), and the Sleep Disorders 
Questionnaire (SDQ), which is a complex, 175-item scale adapted from the Sleep 
Questionnaire and the Assessment of Wakefulness tool. Head-to-head comparisons 
of the various questionnaires demonstrated the superiority of the Berlin Questionnaire 
and the SDQ in identifying patients who are at higher risk for moderate-severe and 
severe OSA [4]. The ASA checklist and STOP-Bang questionnaire have higher sen-
sitivities in these analyses than the ESS and STOP questionnaire [4, 5]. The STOP-
Bang questionnaire is more user-friendly than the other checklists and maintains 
comparable or improved sensitivity, so it is more commonly used as an OSA screen-
ing tool in practice.

In this case, we utilized the STOP-Bang questionnaire as the preoperative 
screening modality for OSA.  The results for the patient presented above are 
shown (Fig. 12.5). Based on the results of his STOP-Bang score of 7, he is at 
high risk for undiagnosed moderate-severe and severe OSA with estimated odds 
ratios (ORs) of 6.9 and 14.9 compared to a STOB-Bang score of 0–2 [6]. 
Although this patient’s respiratory distress was multifactorial, soft tissue upper 
airway obstruction was likely a contributing factor (see Table 12.1). After appli-
cation of BiPAP, the patient reported a subjective improvement in respiratory 
mechanics, and this was the first intervention that began to alleviate the patient’s 
respiratory distress.

Fig. 12.4 (a): ASA checklist for OSA screening example. (b) ASA checklist for OSA screening 
example continued

a
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b

Fig. 12.4 (continued)

Fig. 12.5 Patient’s results in STOP-Bang questionnaire
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 Lesson 2: What Is Paradoxical Vocal Cord  
Dysfunction (PVCD)?

Paradoxical vocal cord dysfunction is known by a multitude of names including 
paradoxical vocal cord motion, laryngeal dyskinesia, inspiratory adduction, peri-
odic occurrence of laryngeal obstruction, Munchausen’s stridor, episodic paroxys-
mal laryngospasm, psychogenic stridor, functional stridor, hysterical croup, 
emotional laryngeal wheezing, factitious asthma, pseudo-asthma, and irritable lar-
ynx syndrome, just to name a few. It is a clinical phenomenon of abnormal move-
ment of the true vocal cords leading to partial or complete airway obstruction [7]. 
The abnormal vocal cord movement usually manifests as adduction during inspira-
tion, presenting as inspiratory stridor, but may occur during expiration, producing 
expiratory or biphasic stridorous breathing. Paradoxical vocal cord dysfunction dif-
fers from laryngospasm in that in PVCD, the vocal cord adduction has respiratory 
variation, as opposed to the sustained adduction throughout all phases of the respi-
ratory cycle seen in laryngospasm. Although a patient with paradoxical vocal cord 
dysfunction may appear anxious and in severe respiratory distress, hypoxemia is 
rarely seen in PVCD, and arterial blood gases are either normal or demonstrate a 
mild respiratory alkalosis.

Although the mechanism of PVCD is incompletely understood, the leading 
hypothesis is that increased laryngeal hypersensitivity, induced by external irritants, 
or abnormal autonomic regulation may promote abnormal true vocal cord closure 
and glottis narrowing, leading to the dysfunctional movement seen in PVCD [8]. In 
addition to obstruction at the level of the vocal cords, patients experiencing PVCD 
are at an increased risk of soft tissue airway obstruction. During inspiration, extra- 
thoracic intraluminal pressure decreases relative to atmospheric pressure, resulting 
in some degree of narrowing of the upper airway and pharyngeal structures. In 
patients without PVCD, this narrowing is normally offset with the coordinated con-
traction of the posterior cricoarytenoid muscles, which serves to enlarge the glottis 
opening [9]. The dynamic airway constriction seen in PVCD may be worse in 
patients with OSA or residual neuromuscular blockade due to concomitant soft tis-
sue obstruction, which further narrows the upper airway. Agitation and anxiety 
cause increased respiratory effort and inspiratory flow, which worsens the obstruc-
tion, forming the basis of an agitation – stridor loop (Fig. 12.6)

Paradoxical vocal cord dysfunction is associated with a variety of conditions. 
Although the vocal cord dysfunction is an organic, involuntary disorder, it has a 
high association with psychological disorders such as acute anxiety, generalized 
anxiety disorder, depression, personality disorders, and post-traumatic stress disor-
der [10]. The irritant-induced laryngeal hypersensitivity theory is supported in the 
association of PVCD with laryngopharyngeal reflux and inhalational irritant 
 exposure (smoke, ammonia, fumes, dust, etc.) [11]. Also supporting a hypersensi-
tivity etiology is its association with asthma, and in some cases, the ability of PVCD 
to be induced with exercise [12]. There are also case reports of postoperative PVCD 
associated with thyroid surgery, suggesting that irritation of the recurrent laryngeal 
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nerve may play a role in some cases [13]. Although the exact mechanism of PVCD 
is unknown, it is clear that it is a complex clinical phenomenon resulting from com-
binations of psychological and organic etiologies that vary depending on the par-
ticular situation.

The clinical presentation and patient history may suggest the diagnosis, but a 
definitive diagnosis is made with direct visualization of inspiratory vocal cord 
adduction with nasal fiber-optic laryngoscopy. Spirometry is neither sensitive nor 
specific, but may show a variable extra-thoracic obstruction on inspiration [8].

The treatment of acute and chronic paradoxical vocal cord motion differ, and 
only acute treatment will be discussed here. As with any case of respiratory distress, 
the primary treatment of acute PVCD focuses on ensuring adequate oxygenation 
and ventilation with proper patient positioning and supplementing with oxygen 
therapy or NIPPV as needed. The application of NIPPV during an episode of para-
doxical vocal cord dysfunction has been shown to decrease the glottis narrowing, as 
less inspiratory effort is required to achieve satisfactory tidal volumes [14]. NIPPV 
with continuous positive airway pressure (CPAP) or BiPAP may also be beneficial 
if the patient has an element of glottis narrowing secondary to soft tissue upper 
airway obstruction, as in patients with OSA. Given the association of PVCD and 
psychological disorders, it is not surprising that a reduction in anxiety via psycho-
logical measures, such as reassurance and breathing techniques, or pharmacologic 
measures, such as benzodiazepines, is usually beneficial. Indeed, many patients 
with postoperative PVCD saw dramatic improvement in respiratory status after 
administration of small doses of benzodiazepines and/or opioids [15–17]. Of note, 
it is prudent to identify the cause of respiratory distress prior to careful titration of 
sedating medications to avoid worsening of respiratory status. If the diagnosis is 
confirmed, and these interventions fail to work, the patient may require more inva-
sive measures to ensure adequate respiratory function, including paralysis and 
re-intubation.

The differential diagnosis for stridor in the PACU is extensive and includes more 
common etiologies such as soft tissue obstruction, bronchospasm, laryngospasm, 
and aspiration, in addition to the immediately life-threatening etiologies such as 
anaphylaxis and angioedema. Given the presentation of stridor and respiratory dis-
tress, PVCD is often misdiagnosed as reactive airway disease.

Although etiologies such as hypocalcemic tetany and paradoxical vocal cord 
dysfunction are less common causes of postoperative stridor, prompt recognition is 
important to avoid unnecessary interventions (intubation, tracheostomy) and hospi-
talizations in these patients.

In this case, strong suspicion of PVCD based on the patient’s exam and history 
of anxiety-induced stridor led to appropriate treatment with NIPPV/BiPAP and 
carefully titrated doses of midazolam (Table 12.1). The resolution of stridor with 
low doses of a sedative/anxiolytic supports the diagnosis. Soft tissue airway obstruc-
tion from OSA +/− mild residual neuromuscular blockade may have exacerbated 
the inspiratory obstruction, contributing to further anxiety and obstruction at the 
level of the vocal cords via the PVCD obstruction loop described in Fig. 12.6.
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 Lesson 3: What Is the Proper Use of a Peripheral  
Nerve Stimulator?

Muscle contraction is a complex series of events that first begins with initiation and 
propagation of a presynaptic action potential. The resting membrane potential of a 
nerve cell is approximately –70 mV, meaning that the intracellular space is rela-
tively negatively charged when compared to the extracellular space. This negative 
membrane potential difference serves as the driving force for ion movement during 
depolarization and action potential initiation. The negative potential difference is 
established by the sodium (Na+) and potassium (K+) ion exchanger, which moves 
three Na+ ions into the extracellular space for every two K+ ions moved into the 
intracellular space. This unequal ion exchange results in a net negative intracellular 
space or membrane potential. When this negative potential is reduced (less voltage 
difference between the intracellular and extracellular spaces), as during a depolar-
ization, voltage-gated Na+ channels allow for an influx of Na+ ions down their elec-
trical and chemical concentration gradients. This further reduces the negative 
potential, allowing the inside of the cell to become positive relative to the outside of 
the cell, which in turn results in depolarization of the next segment of the mem-
brane. These currents are responsible for the propagation of an action potential 
down an axon, ultimately resulting in release of acetylcholine (ACh) from the nerve 
terminal and initiating the postsynaptic events that culminate in muscle contraction. 
In summary, reduction of the negative potential of a nerve cell to a threshold level 
can initiate an action potential and result in a muscle contraction.

A reduction in the negative membrane potential of a nerve cell can be accom-
plished via the intrinsic, centrally mediated mechanism described above or through 
a peripherally mediated mechanism via the addition of extracellular negative ions 
with a peripheral nerve stimulator (via the negative electrode/cathode) (Fig. 12.7). 
The negative pole/cathode of a peripheral nerve stimulator donates electrons to the 
extracellular space, thus reducing the negative potential (decreasing the charge dif-
ference between the intracellular and extracellular space by making the extracellu-
lar space more negative) of the cell and initiating an action potential that then 
propagates distally to the axon terminals in the normal fashion. Alternatively, the 
positive pole/anode donates protons to the extracellular space, thus increasing the 
negative potential (making the extracellular space more positive relative to the intra-
cellular space, effectively increasing the charge difference), which results in hyper-
polarization of the cell and slightly increases the level of stimulus needed to initiate 
an action potential (Fig. 12.8). For these reasons, it is important to apply the elec-
trodes along the course of the nerve with the negative pole/cathode placed distal to 
the positive pole/anode for the most efficient action potential propagation.

Neuromuscular-blocking drugs (NMBDs) effectively inhibit postsynaptic depo-
larization by either blockage of the postsynaptic nicotinic ACh receptor (non- 
depolarizing NMBDs) or by causing depolarization of the postsynaptic membrane 
(the depolarizing NMBD/succinylcholine) and thereby inducing “desensitization” 
of the postsynaptic membrane. Peripheral nerve stimulators measure the respon-
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siveness of a muscle cell to a programmed stimulus and are able to generate multi-
ple levels of stimulation at different frequencies. This results in different patterns of 
muscle contraction that are used to assess the depth of neuromuscular blockade in a 
patient (see [L-4]).

Peripheral nerve stimulators can be used to stimulate any muscle with a nerve 
running superficially enough to be affected by its electrical current. Ideally we 
would monitor those muscles of physiologic importance (i.e., the muscles of the 
upper airway, muscles of respiration, or abdominal muscles during a laparoscopic 
surgery), but usually, this isn’t feasible. Clinically, there are a few muscles that are 
widely used for monitoring of neuromuscular blockade: the adductor pollicis mus-
cle located in the mid-forearm (thumb adduction), innervated by the ulnar nerve; the 
extensor halluces longus muscle located in the leg with extension to the ankle (big 
toe extension), innervated by the posterior tibial nerve; and the orbicularis oculi 
(eyelid closure) and corrugator supercilii muscles located in the face (medial eye-
brow), both innervated by the facial nerve.

Because different muscle groups have different responses to NMBDs, it is impor-
tant to know which of the muscles above correlates with the paralysis and recovery 

(1) Normal neuronal
membrane at 

resting potential

Nerve cell body

Axon

Nerve terminals

Opening of voltage gated
Na+ channels with influx
of Na+ which decreases
the negative membrane
potential and initiates an
action potential

Negative ions contributed by
the negative pole/cathode of
a peripheral nerve stimulator
which decreases the negative
membrane potential and
initiates an action potential

M
us

cle

– 50 mV– 70 mV – 50 mV

(2) Membrane 
depolarization as a 

result of central stimulation

(3) Membrane depolarization
as a result of peripheral

nerve stimulation

Fig. 12.7 Schematic representation of ion potentials of a neuronal membrane
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of the muscles of physiologic interest. The muscles of the larynx and diaphragm 
correlate well with the corrugator supercilii, making this location ideal for monitor-
ing patient muscle relaxation for intubation. For assessing the recovery of the mus-
cles of the upper airway and diaphragm in preparation for extubation, monitoring 
the adductor pollicis (AP) gives an added layer of security, because as seen below, 
it has a long recovery time. Therefore, if AP is fully recovered, there is a high likeli-
hood that the other muscle groups have recovered as well. On the other hand, if 
during a laparoscopic procedure, measurements made at the AP demonstrate com-
plete neuromuscular relaxation, there may be recovery of the abdominal muscles, 
preventing optimal surgical conditions.

The location of neuromuscular monitoring may also be influenced by patient 
factors (i.e., acute bilateral upper extremity burns preventing access to the ulnar 
nerves), surgical procedure, or positioning (i.e., prone positioning may prevent 
monitoring of the facial nerve muscles or tucking of bilateral arms may prevent 
monitoring of the adductor pollicis).

In drawing conclusions of level of neuromuscular blockade of muscles of physi-
ologic interest, it is important to consider factors that may have regional influence 
on neuromuscular blockade. A patient with significant upper extremity edema may 
demonstrate falsely elevated levels of neuromuscular paralysis with ulnar nerve 

Action potential propagation

Positive pole/anode

Proximal Distal

Axon

Nerve cell body

Nerve terminals

AC
h M

us
cl

e

Negative
pole/cathode

Hyperpolarization Depolarization

Fig. 12.8 Schematic representation of correct placement of peripheral nerve stimulator leads. The 
negative pole contributes negative ions which leads to depolarization and action potential propaga-
tion which results in ACh release and muscle contraction. The positive pole contributes positive 
ions and hyperpolarizes the cell membrane. ACh, Acetylcholine in neuromuscular synapse
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stimulation secondary to poor nerve stimulation rather than actual neuromuscular 
blockade. The same may occur with poor electrode pad contact or inappropriate 
placement of the leads as discussed above. Resistance to non-depolarizing NMBDs 
occurs in peripheral and central nerve damage so that monitoring neuromuscular 
function in regions supplied by these nerves may lead to NMBD overdose.

Finally, it is of utmost importance to assess a baseline response to stimulation 
prior to administration of NMBDs for future reference. For example, if the pre- 
paralysis control response to train-of-four (TOF) stimulation (see [L-4]) is four 
strong twitches, and your post-neuromuscular blockade reversal response is four 
weak twitches, there is a high probability of residual neuromuscular blockade even 
though the patient has regained a four twitch response. Without assessing a control 
response, you sacrifice valuable information that may assist your decision-making 
when determining if post-reversal neuromuscular function is adequate.

In this case, the orbicularis oculi muscle was used throughout the case for moni-
toring of neuromuscular blockade, which may have given us false reassurance of the 
full recovery of the muscles of the upper airway. Even mild residual neuromuscular 
paralysis may have contributed to the patient’s unanticipated airway obstruction in 
the PACU (see [L-4]).

 Lesson 4: How Do you Diagnose Residual  
Neuromuscular Blockade?

Neuromuscular-blocking drugs (NMBDs) were first introduced into clinical prac-
tice in 1942 and are an important component of current anesthetic practice. NMBDs 
improve surgical conditions by creating immobility and improving surgical expo-
sure, which is beneficial to our surgical colleagues. Of particular benefit to the anes-
thesiologist is the improvement in intubating conditions that occurs with NMBD 
administration [18]. While neuromuscular paralysis may be desired intraoperatively, 
even mild residual postoperative weakness can have deleterious effects. Even mild 
residual neuromuscular blockade can cause (1) upper airway obstruction, (2) vocal 
cord dysfunction, (3) decreased ability to cough which results in retention of secre-
tions, (4) decreased ability to prevent aspiration, and (5) decreased hypoxic response 
which all contribute to the increased morbidity associated with incomplete reversal 
of neuromuscular blockade [19]. A vital role of the anesthesiologist is to develop the 
knowledge and skills to titrate NMBDs to desired effect and accurately verify return 
of neuromuscular function.

Physical exam findings can help assess the degree of neuromuscular paralysis 
at high levels of blockade, but are not as informative at lower depths of blockade 
(Table  12.3). The peripheral nerve stimulator (PNS) is the primary means by 
which we monitor the depth of neuromuscular blockade (see [L-3]). Peripheral 
nerve stimulators are usually programmed to deliver a maximum current between 
60 and 80 mA at various frequencies to produce different patterns of muscle con-
traction including a single twitch, a train of four (TOF) which is a series of four 
twitches, and a sustained muscle contraction called tetanus. Numerous modalities 
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are available to quantify the muscle response to stimulation including mechano-
myography (MMG) which directly measures force, electromyography (EMG) 
which measures the electrical response of the target muscle, and accelerometry 
which measures acceleration (as acceleration is proportional to force if the mass 
remains constant per Newton’s law). Although the quantitative modalities dis-
cussed above are more accurate at detecting residual neuromuscular blockade, 
visual and tactile evaluation is the most clinically used modality due to the low 
cost and ease of use. Because intraoperative neuromuscular blockade monitoring 
is primarily performed when non-depolarizing NMBDs are utilized, the following 
discussion will focus on monitoring muscle response in the presence of non-depo-
larizing neuromuscular blockade. It is important to note that full recovery of neu-
romuscular function should always be verified after any class of NMBDs is used.

 Single Twitch Stimulation

A single twitch muscle response is produced from a single current of stimulation 
provided by the PNS. A baseline single twitch muscle response is recorded prior to 
administration of NMBDs and is used for comparison against single twitches per-
formed after NMBD administration. It is important to note that in order to accu-
rately evaluate a single twitch response after administration of a non- depolarizing 
NMBD, measurements should be performed at least >10  s (<0.1  Hz frequency) 
apart to allow for full recovery of the neuromuscular junction. Visual and/or tactile 
assessment of the differences between single twitch responses is crude, and in the 
authors’ experiences, difference in twitch height <70% can be difficult to detect 
with visual or tactile endpoints [20].

 Train-of-Four Stimulation

For a train-of-four (TOF) response, a series of four stimulations is applied at a fre-
quency of 2 Hz, which results in four sequential twitches of the muscle of interest. The 
number of twitches and the ratio between the first and last twitches (TOF ratio) 

Table 12.3 Clinical tests of neuromuscular transmission and correlation with receptor occupancy

Clinical tests of neuromuscular transmission
Test Normal function % of receptor occupieda

Tidal volume 5 mL/kg 80
Train of four No fade 70
Vital capacity ≥20 mL/kg 70
Sustained tetanus (50 Hz) No fade 60
Head lift 180° for 5 s 50
Handgrips Sustained for 5 s 50

aApproximate percentage of receptors occupied when the response returns to its normal value
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provide information on the depth of neuromuscular blockade (Table  12.4). In the 
absence of neuromuscular blockade, no fade will be present between the first and 
fourth twitches, and the TOF ratio will be 1. However, when non-depolarizing NMBDs 
are present at the neuromuscular junction, the amount of acetylcholine (ACh) present 
in the synapse during the TOF stimulation is not enough to outcompete the NMBD for 
receptor binding sites. In this case, fade will be observed, resulting in a TOF ratio <1. 
A TOF ratio >0.9 is accepted as full return of neuromuscular function. Determining 
the exact TOF ratio with visual or tactile measurements is difficult, and studies dem-
onstrate that ratios as low as 0.3 can be misinterpreted as sustained [20].

 Tetanic Stimulation

A stimulus delivered at ≥30 Hz does not allow enough time for complete muscle 
relaxation between stimuli and thus results in a sustained contraction called teta-
nus. If no neuromuscular blockade is present, the force of the tetanic contraction 
is sustained for the duration of the stimulus. In clinical practice, a 5-s tetanic 
stimulation at 50–100 Hz is generally used. Tetanic contractions are painful and 
should only be performed at an appropriate anesthetic depth. A 100 Hz stimulus 
is more effective in diagnosing residual neuromuscular blockade than a 50  Hz 
stimulus, but because of the high frequency of stimulation, fade may be seen even 
in the absence of neuromuscular blockade. A tetanic stimulation floods the neuro-
muscular junction with ACh, which produces a phenomenon called post-tetanic 
facilitation. Any nerve stimulus occurring after a tetanic stimulation will be mark-
edly exaggerated  – with the level of response enhancement dependent on the 
strength and frequency of the tetanic stimulation. Clinically, this comes into play 
when monitoring recovery from neuromuscular blockade. Take, for instance, an 
anesthetized patient who has received non-depolarizing NMBDs. Fade is noted 
when a tetanic stimulus is delivered to assess depth of neuromuscular blockade. A 
TOF stimulus performed directly after the tetanic stimulus results in four twitches 
due to post-tetanic facilitation. Because of this, the TOF result may give you an 
underestimation of neuromuscular blockade depth, resulting in incorrect clinical 
decision-making (i.e., overdosing NMBDs). A 2–5-min interval between stimuli 
is generally sufficient to abolish this effect.

Although direct-acting NMBD antagonists are available outside of the United 
States, at the time of this writing, the actions of the NMBDs are reversed by 

Table 12.4 Correlation between TOFR, depression of single twitch, and response to 5-s tetanus 
stimulation

Correlation of response between single twitch, tetanic stimulation, and train-of-four stimulation

1 twitch 2 twitches 3 twitches 4 twitches TOFR ≥ 0.7

Single twitch height 
depression (% block)

90–100% 80–90% 70–80% 60–70% 0%

Response to tetanus Fade Fade Fade Fade Sustained

TOFR train-of-four ratio
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administration of acetylcholinesterase inhibitors in the United States. By decreas-
ing metabolism of ACh, acetylcholinesterase inhibitors allow ACh to outcompete 
NMBDs for binding sites on the postsynaptic membrane, thus restoring neuro-
muscular function. The ability of the excess ACh to outcompete the NMBDs is 
affected by the concentration of the NMBD at the synaptic cleft, and indeed, lon-
ger recovery times are seen when intermediate-acting (neostigmine) acetylcholin-
esterase inhibitors are given at deeper depths of neuromuscular blockade. 
Acetylcholinesterase inhibitors are not site specific and will produce effects of 
cholinergic stimulation (bradycardia, salivation, increased GI motility, etc.) and so 
must always be concomitantly administered with an anticholinergic (atropine, 
glycopyrrolate).

The residual paralysis secondary to incomplete neuromuscular blockade reversal 
is often first detected in the PACU.  These patients may complain of subjective 
weakness or may demonstrate what is described as a “floppy fish” appearance. With 
residual neuromuscular blockade, a patient is able to generate an initial movement 
but lacks the strength to sustain or complete the movement leading to extremity 
motions that have a similar appearance to a fish flopping out of water. Even mild 
residual neuromuscular blockade can cause (1) upper airway obstruction, (2) vocal 
cord dysfunction, (3) decreased ability to cough which results in retention of secre-
tions, (4) decreased ability to prevent aspiration, and (5) decreased hypoxic response 
which all contribute to the increased morbidity associated with incomplete reversal 
of neuromuscular blockade [19].

Although the patient in this case denied subjective feelings of weakness, his 
“floppy fish” movements suggested that undiagnosed residual neuromuscular block-
ade played a role in his PACU respiratory distress (Table 12.1). Studies in obese 
patients demonstrate prolonged recovery after dosing of NMDs at total body weight. 
In this case, the incorrect use of the patient’s ideal body weight for dosing of the 
acetylcholinesterase inhibitor may have led to insufficient reversal of neuromuscu-
lar blockade [21]. As discussed earlier, sustained tetanic contraction as  measured by 
tactile sensation does not guarantee complete return to normal neuromuscular func-
tion. Post-extubation soft tissue obstruction and vocal cord dysfunction due to resid-
ual paralysis may have contributed to the patient’s upper airway narrowing and 
anxiety, feeding into the vocal cord dysfunction loop demonstrated in Fig. 12.7.

 Lesson 5: What Are the Postanesthetic Care Unit (PACU) 
Guidelines for Discharge After an Episode of Respiratory 
Distress?

Postoperative respiratory events are usually quickly recognized in the PACU owing 
to the low patient-to-nursing ratios, continuous pulse oximetry monitoring, and the 
proximity of the nurses and physicians to the patients. However, a potentially very 
dangerous time period begins once the patient is discharged from the highly moni-
tored area of the PACU to a less monitored area such as a step-down unit, a surgical 
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ward, or home. In these environments, unrecognized abnormalities of oxygenation 
and ventilation can have catastrophic consequences. Ultimately, it is the role of the 
anesthesiologist to apply sound clinical judgment when deciding the appropriate 
disposition location for a patient who has experienced, or is at increased risk for 
experiencing, perioperative respiratory distress.

There are many causes of postoperative respiratory distress, and the management 
of the various etiologies differs. However, once resolved, there are a few common 
steps that must be taken to decide the appropriate discharge location for the patient. 
It is imperative to ensure resolution of respiratory distress and also assess the risk 
for recurrence prior to discharging a patient to a less monitored environment. For 
example, the patient who experienced respiratory distress secondary to residual 
neuromuscular blockade, which has since resolved, may not need to be discharged 
to a monitored environment. However, the patient with OSA who experienced respi-
ratory distress secondary to upper airway obstruction in the postoperative period is 
at risk for recurrence and may need to be discharged to a more monitored environ-
ment with low patient-to-nursing ratios. The PACU discharge should always be tai-
lored to the clinical scenario, but extending the PACU stay for patients who have 
experienced or who are at risk for experiencing respiratory distress (i.e., patients 
with OSA), an extra amount of time after meeting the standard modified Aldrete 
criteria is a safe practice. Indeed, the American Society of Anesthesiology (ASA) 
guidelines recommend keeping an OSA patient 3 h longer than an otherwise com-
pletely matched control who does not have OSA.

Obstructive sleep apnea deserves special mention due to both the prevalence of 
the disorder and the lethal consequences of mismanagement. Patient with diagnosed 
or suspected OSA is especially vulnerable in the perioperative period due to effects 
of anesthesia and the use of sedating medications such as opioids that increase the 
risk for soft tissue upper airway obstruction. If unrecognized, this hypoventilation 
can have deleterious consequences like hypoxemia, hypercarbia, cardiovascular 
collapse, and even death. In addition to continuous monitoring of oxygenation and 
ventilation with continuous pulse oximetry and potentially capnography, patient-to- 
nursing ratios play an important role in preventing perioperative death. Oftentimes, 
desaturation as noted by continuous pulse oximetry is a later sign of airway obstruc-
tion and may not be noticed if a patient is not under close, direct observation by a 
medical professional. In 2014, the American Society of Anesthesiologists published 
practice guidelines for the perioperative management of patients with OSA and 
concluded that patients should not be discharged to unmonitored settings until they 
are no longer at risk for postoperative respiratory depression; expert opinion deemed 
this to be 3 h longer than otherwise matched controls [22]. Risk can also be assessed 
in terms of the severity of OSA, respiratory behavior in the PACU, type of surgery, 
and opioid requirement (see Fig. 12.9).

In this case, the patient had an episode of respiratory distress related to a combi-
nation of factors including paradoxical vocal cord dysfunction, residual neuromus-
cular blockade, and likely obstructive sleep apnea (STOP-Bang score of 7). After 
weaning from initial NIPPV/BiPAP, he did not experience any further adverse 
respiratory events, including desaturations (SpO2 < 90%), bradypnea (<8 breaths/
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min), or apnea >10 s. He had adequate pain control from his laparoscopic procedure 
on low-dose oral opioid medications (<60 mg codeine equivalents every 4 h) and 
displayed no evidence of sedation with these medications. He remained in the 
PACU an additional 60 min after meeting modified Aldrete criteria, for a total of 6 h 
without additional documented perioperative complications.
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Chapter 13
An Undiagnosed Intraoperative 
Pheochromocytoma

Bjorn Benjamin Jensen and Seth Herway

 Case Presentation

A 35-year-old Caucasian female (height 157.5 cm, weight 58.5 kg, BMI 23.6 kg/
m2) with a past medical history significant for asthma and beta thalassemia pre-
sented to the operating room for a left adrenalectomy. She initially presented to the 
emergency room with abdominal and left-sided shoulder pain. A CT scan was done 
which demonstrated a very large 18.0 × 17.3 × 21.1 cm solid/cystic complex multi-
component heterogeneously enhancing mass in the left upper quadrant centered at 
the left adrenal gland which displaced the spleen, left kidney, stomach, and pancreas 
due to mass effect (see Fig. 13.1). It was believed to be a primary left adrenal gland 
neoplasm of adrenal origin [L-1]. Her vital signs when seen by the consulting surgi-
cal team were blood pressure (BP) 146/90 mmHg, heart rate (HR) 105 beat per 
minute (bpm), RR 18 breaths/min, and SpO2 98% on room air. She denied syncope, 
headache, chest pain, weight loss, or diaphoresis [L-2]. She was otherwise feeling 
in good health. Based on the patient’s presentation, the size of the tumor, and the CT 
images, the surgical team determined that further evaluation of the mass was unnec-
essary and the only labs indicated prior to surgery were a complete blood count 
(CBC) and basic metabolic panel (BMP) [L-3] .

She denied anesthetic issues with her previous knee arthroscopy 6 years prior. 
She had a good exercise tolerance (>4 METS) which included running and biking 
without any shortness of breath or chest pain. She characterized her asthma as mild 
and intermittent, never requiring emergency department visits with very rare inhaler 
use. She was not taking any iron supplements for her beta thalassemia and denied 
any coagulation issues. She was otherwise healthy, with a negative cardiac, neuro-
logic, renal, endocrine, and GI history. Current medications included loratadine for 
seasonal allergies and jolessa for contraception [L-4].
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Her physical exam was unremarkable including clear breath sounds bilaterally 
on auscultation and normal cardiac and airway examinations. Her CBC and BMP 
results were unremarkable including a hemoglobin of 9.8 mg/dL and hematocrit of 
31.1. The anesthesia team contacted the surgical team prior to surgery to confirm 
that their assessment was that the mass was nonsecretory and that no further labs or 
evaluation were indicated. The attending surgeon confirmed that this was the case.

On the day of surgery, the patient’s vital signs were BP 135/90  mmHg, HR 
82 bpm, RR 18 breaths/min, and SpO2 100% on room air. In the preoperative hold-
ing area, a thoracic epidural was placed at the T6–T7 interspace with the catheter 
left at 14 cm with a plan to bolus with 0.125% Marcaine near the end of the proce-
dure for pain control. The patient received 2 mg of midazolam and 50 mcg of fen-
tanyl for sedation during placement of the thoracic epidural. In addition, the patient 
was typed and crossed for two units of packed red blood cells and two units of fresh 
frozen plasma.

General anesthesia was induced using a mask induction with 8% sevoflurane and 
50% nitrous with a goal of facilitating a more hemodynamically stable induction. 
An arterial line was placed by one provider while the other simultaneously per-
formed the mask induction. A grade 1 view was obtained using a MAC 3 blade, the 
vocal cords were sprayed with 4 cc of 2% lidocaine, and a 7.0 mm internal diameter 
endotracheal tube was inserted without difficulty. Vital signs remained stable 
throughout induction and intubation. Two additional 18-gauge peripheral IVs were 
placed after intubation. A Vigileo monitor (Edwards Lifesciences, Irvine, California, 

Fig. 13.1 CT scan prior to surgery. Left image: midline sagittal view. Right image: midline frontal 
view. Arrows: demonstrates a 18.0 × 17.3 × 21.1 cm adrenal mass
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USA) was attached to the arterial line to monitor cardiac output and stroke volume 
variation, with the initial readings being 7.6 L/min and 3%, respectively. A Foley 
catheter was placed, weight-based cefazolin and Flagyl were given for antibiotic 
prophylaxis, and subcutaneous heparin was administered prior to incision [L-5].

Incision was uneventful with patient’s systolic blood pressures averaging 110–
120 mmHg, mean arterial pressures (MAPs) averaging 70–80 mmHg, and HR aver-
aging 70–80  bpm (see Fig.  13.2). Approximately 20  min after incision, systolic 
blood pressures began to rise to 150–160  mmHg with the MAPs increasing to 
approximately 110 mmHg. Additional boluses of fentanyl (100 mcg) and propofol 
(100 mg) were administered with only a mild reduction in blood pressures. Systolic 
pressures continued to increase to 180 mmHg, and heart rate increased to 100 bpm. 
Additional boluses of propofol (200 mg) and fentanyl (250 mcg) were administered, 
and the volatile anesthetic depth was increased as well from 2.3% to 3.2%. 
Nicardipine boluses of 250  mcg at a time were also administered for a total of 
1000 mcg. The acute changes in hemodynamics were discussed with the surgeon 
who reported that they were dissecting around the mass at this time. The surgery 
team stopped dissecting, and the blood pressures remained elevated but stabilized. 
However, upon resuming surgical dissection around the mass, blood pressures 
began to rise again to as high as 200 mmHg systolic despite anesthetic and antihy-
pertensive dosing as described. The patient continued to become more tachycardic, 
with a HR up to 120 bpm. The hemodynamic instability was communicated to the 
surgeon, and the likelihood that the mass was secretory and could be a pheochromo-
cytoma was discussed. Two nitroprusside boluses of 10 mcg (20 mcg total) were 
administered, and a nitroprusside drip (0.3 mcg/kg/min) was started. In addition, a 
phentolamine drip was ordered from pharmacy [L-6]. At this time, the Vigileo mon-
itor showed a cardiac output of 10.0 L/min and a stroke volume variation of 3%. 
About 10 min after the drip was started, the surgeons were able to ligate the primary 
blood supply to the mass, and soon thereafter the blood pressures began to decrease 
to as low as 80 mmHg systolic, necessitating the discontinuation of the nitroprus-
side drip and the administration of a phenylephrine drip. The heart rate also normal-
ized to 70–80  bpm. After mass removal (see Figs.  13.1 and 13.3), the Vigileo 
monitor showed a cardiac output of 6.9 L/min and a stroke volume variation of 7%. 
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The patient was weaned off of the phenylephrine drip prior to extubation and 
emerged from anesthesia without administration of any further vasoactive agents. 
The thoracic epidural was bolused for pain control, and she was successfully extu-
bated and taken to the ICU.

Other than replacement of her thoracic epidural for improved pain control, the 
patient’s postoperative course was uneventful. The pathology report on the mass 
stated that the tumor cells were diffusively positive for synaptophysin, chromo-
granin, CD56, and sustentacular cells, and it was confirmed to be a pheochromocy-
toma with biologically aggressive behavior with a potential for recurrence. The 
patient was discharged on POD#5 and is currently doing well. Initial genetic testing 
did not show an obvious phenotype for neurofibromatosis or Von Hippel-Lindau. 
However, the patient is scheduled to receive a more extensive genetic evaluation.

 Lesson 1: Types of Adrenal Masses

Adrenal masses can be thought of in the categories of nonfunctioning masses, 
functioning masses, and masses of that are not adrenal in origin (see Table 13.1). 
Of the three categories, it is often the functioning masses that can have the greatest 

Fig. 13.3 Image of 
pheochromocytoma after 
removal
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effect on anesthetic management. Three major products often secreted by function-
ing adrenal masses include excess glucocorticoids, mineralocorticoids, and 
catecholamines.

Glucocorticoid excess, also known as Cushing syndrome, may demonstrate 
characteristics such as truncal obesity, hypertension, hyperglycemia, increased 
intravascular fluid volume, hypokalemia, fatigability, abdominal striae, osteoporo-
sis, and muscle weakness. It is often either due to the overproduction of cortisol or 
exogenous glucocorticoid therapy. Most cases that occur spontaneously are due to 
excess ACTH produced by an anterior pituitary microadenoma or nonendocrine 
tumor (e.g., lung, pancreas, kidney), which leads to bilateral adrenal hyperplasia. 
An adrenal neoplasm is the cause of excess cortisol secretion in 20–25% of Cushing 
syndrome patients. Approximately half of these adrenal tumors are malignant, and 
they are usually unilateral. Anesthetic management considerations include treating 
diabetes, hypertension, and electrolyte abnormalities (e.g., hypokalemia) preopera-
tively. Normalizing volume status through diuresis and evaluation of the patient’s 
cardiac reserve may also be required prior to surgery. Glucocorticoid replacement 
therapy should be initiated at a dose equal to full replacement of adrenal output dur-
ing periods of high stress when either bilateral or unilateral adrenalectomy is 
planned.

In patients with mineralocorticoid excess, it is primarily the hypersecretion of 
aldosterone that leads to the peripheral effects. Aldosterone works through the 
exchange of sodium for potassium and hydrogen ions in the renal tubule. Its 
increased secretion leads to hypertension, hypokalemic alkalosis, fatigue, and skel-
etal muscle weakness. As many as 1% hypertensive patients have primary hyperal-
dosteronism. The increase in sodium reabsorption and extracellular volume 
expansion is a contributor to the high incidence of diastolic hypertension in these 
patients. Anesthetic considerations involve restoring the patient’s intravascular vol-
ume and electrolyte concentrations (e.g., hypokalemia) to normal, as well as treat-
ing hypertension. Aldosterone antagonists (spironolactone) may be used along with 
restricting sodium intake to control hypertension and hypokalemia preoperatively.

Table 13.1 Three types of adrenal masses

Types of adrenal masses
Nonfunctioning mass Functioning mass Nonadrenal mass

Abscess Nonclassical congenital adrenal 
hyperplasia

Renal

Granuloma Pheochromocytoma Pancreatic
Cyst Other endocrine tumor Gastric
Hemorrhage Carcinoma
Lipoma Cortisol-secreting adenoma
Myelolipoma Aldosterone-secreting adenoma
Primary malignancy Sex hormone-secreting adenoma
Metastatic malignancy

Based on data from Ref. [1]
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The overproduction of the catecholamines, epinephrine and norepinephrine, 
are what lead to the characteristics of pheochromocytomas. Pheochromocytomas 
occur in <0.2% of hypertensive patients, but their diagnosis is essential as surgi-
cal removal is curative in >90% of patients. Complications are often lethal in 
undiagnosed cases. The majority (85–90%) of pheochromocytomas are localized 
to a single adrenal gland (primarily the right). Approximately 25% of children 
and 10% of adults possess bilateral tumors. These tumors are extremely vascular, 
and malignant spread occurs in approximately 10% of cases. In approximately 
5% of cases, the tumor may inherited as a part of a syndrome known as multiple 
endocrine neoplasia (MEN) IIA or IIB. The pheochromocytoma in type IIA is 
associated with medullary carcinoma of the thyroid and parathyroid hyperplasia. 
Meanwhile, the pheochromocytoma in type IIB is associated with neuromas of 
the oral mucosa and medullary carcinoma of the thyroid. In addition, pheochro-
mocytomas may arise in association with von Hippel-Lindau disease (retinal and 
cerebellar angiomatosis) or von Recklinghausen neurofibromatosis [2]. The anes-
thetic management of a pheochromocytoma will be covered in the following 
lessons.

 Lesson 2: Symptom-Based Diagnosis of Pheochromocytoma

A pheochromocytoma is a rare endocrine tumor originating from chromaffin tissue, 
with a published incidence of two to eight diagnoses per million people per year [3]. 
Chromaffin cells are postganglionic sympathetic neurons which produce catechol-
amines [4]. It is the secretion of catecholamines such as epinephrine and norepi-
nephrine (and their subsequent interaction with α1, α2, β1, and β2 receptors) that lead 
to the systemic effects associated with a pheochromocytoma (see Fig. 13.4). It is 
important to pay attention to these symptoms, because a pheochromocytoma pre-
senting to the operating room undiagnosed can result in sudden hypertensive crises 
which may be life-threatening. The published mortality for an undiagnosed pheo-
chromocytoma presenting intraoperatively is 80% [3]. This highlights the serious-
ness of the problem encountered in the above case.

Patients may present with a variety of symptoms, including hypertension, head-
ache, palpitations, diaphoresis, anxiety, dyspnea, chest/abdominal/flank pain, 
tremor, flushing, blurred vision, orthostatic hypotension, diarrhea, weakness, pares-
thesias, and vomiting. The most prevalent symptoms include hypertension, head-
ache, palpitations, and diaphoresis, with the latter three symptoms being described 
as a classic triad in these patients. However, recent literature suggests there is no 
group of symptoms that guarantees the diagnosis of a pheochromocytoma. Instead, 
it is a combination of these symptoms, signs, and para-clinical exams that is most 
valuable in making the diagnosis [6].
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 Lesson 3: Diagnosis of Pheochromocytoma Using  
Laboratory Values

Laboratory tests for a pheochromocytoma are taken from the urine or plasma and 
are based on the excess of catecholamines and their metabolites released by the 
tumor. Vanillylmandelic acid [VMA] is the final common product of the catechol-
amine metabolic pathways (see Fig. 13.5) and would be a reliable laboratory test in 
theory [8]. However, the most common practice is to perform initial screening using 
plasma-free metanephrines or urine-fractionated metanephrines. Although studies 
have shown that plasma-free metanephrines are a more sensitive test than the urine 
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test, the differences were small and did not reach significance. It continues to be 
debated whether one test is superior to the other or under what conditions one is 
more preferable [8, 9].

 Lesson 4: Preoperative Management

Preoperative alpha blockade is the mainstay of preparation for a pheochromocy-
toma resection. Beta blockade should never be used in isolation and only after ade-
quate alpha blockade has been established. A potentially catastrophic hypertensive 
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Fig. 13.5 Catecholamine biosynthetic and metabolism pathways. Precursors, catecholamines, and 
metabolites are shown in square boxes. Enzymes are shown in stippled boxes. Enzyme gene sym-
bol designations are as follows: TH tyrosine hydroxylase, AADC aromatic-L-amino acid decarbox-
ylase, DBH dopamine β hydroxylase, PNMT phenylethanolamine-N-methyltransferase, COMT 
catechol-O-methyltransferase, MAO monoamine oxidase, VMA 3-methoxy-4-hydroxy-mandelic 
acid. (Adapted with permission from Wolters Kluwer Health: Mulholland [7])
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crisis could ensue with unopposed alpha stimulation, which may result in heart 
failure and other end-organ damage. In preparation for an elective adrenalectomy 
for a pheochromocytoma, phenoxybenzamine is the drug most commonly used in 
the United States for alpha blockade, and it is commonly started 10–14 days prior 
to surgery [3].

Roizen et al. in 1982 put forward criteria to objectively gauge the adequacy of 
alpha blockade prior to surgery. The criteria include:

 1. No in-hospital blood pressure >160/90 mmHg for 24 h prior to surgery.
 2. No orthostatic hypotension with blood pressure <80/45 mmHg.
 3. No ST or T wave changes for 1 week prior to surgery.
 4. No more than five premature ventricular contractions per minute.

His group reported that mortality from pheochromocytoma resection decreased 
to 0–3% from 13% to 45% once alpha blockade was instituted prior. These criteria 
have remained reliable over the years, and most centers use some (if not all) of the 
criteria during the preoperative evaluation process [3].

Once adequate alpha blockade has been established, β-blocker therapy may be 
initiated, and calcium channel blockade has also been used successfully. A preop-
erative echocardiogram may be useful to evaluate global systolic, diastolic, and 
valvular function. If the patient’s cardiac function is acceptable, liberal fluid and salt 
intake is encouraged in order to facilitate volume replacement and minimize pos-
tural hypotension [3, 8].

 Lesson 5: Intraoperative Management

Pheochromocytoma resection is among the most challenging procedures in anes-
thetic practice, with the primary goal of delivering a hemodynamically stable anes-
thetic both prior to and after tumor removal. Key areas to focus on include induction, 
incision, tumor handling, and tumor removal (see Table 13.2).

Relief from anxiety and hemodynamic stress during laryngoscopy are the goals 
to key in on during induction. A long-acting benzodiazepine (lorazepam/diazepam) 
the night before and/or midazolam prior to induction can help relieve preoperative 
anxiety. A pre-induction arterial line is indicated to aid in monitoring any large 
swings in blood pressure during induction and throughout the rest of the procedure. 
Hemodynamic stress during laryngoscopy may be limited with adequate amounts of 
intravenous anesthetics and opiates. Adjuncts including lidocaine and/or esmolol 
may also be considered. Airway instrumentation should only be attempted after 
adequate anesthetic depth is achieved [3].

Anesthesia may be maintained using volatile agents with sevoflurane and isoflu-
rane being the most common. Desflurane is often avoided due to irritation and sym-
pathetic stimulation. Anesthetics, vasoactives, and paralytics to be avoided include 
ketamine (sympathomimetic effects), histamine-releasing agents (e.g., morphine, 
curare, atracurium), succinylcholine (stimulation of autonomic ganglia and possible 
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mechanical compression of the tumor with fasciculations), halothane (arrhythmo-
genic), ephedrine (increase in catecholamines), and pancuronium (vagolytic effect) 
(see Table 13.3) [3, 8].

Hypertension may occur during any period including intubation, patient posi-
tioning, and incision, but tumor manipulation usually generates the most dramatic 
pressor response. Treating the resulting hypertensive crisis involves increasing 
anesthetic depth and the use of antihypertensives with direct arterial vasodilators 
being the most common (see Tables 13.3 and 13.4). However, following tumor 
removal and the loss of the catecholamine stimulation, sudden hypotension may 
occur. Contracted plasma volume, surgical bleeding, and anesthetic-induced vaso-

Table 13.2 Anesthetic considerations in removal of a pheochromocytoma

Induction
Anxiolytics Pre-induction long benzodiazepine (e.g., midazolam/diazepam)
Arterial line Placed pre-induction to closely monitor hemodynamic changes
Additional lines Large-bore IV access (peripheral and/or central)
Induction agents Propofol and/or etomidate along with opioids
Adjuvants Consider lidocaine or esmolol (airway reflexes/tachycardia)
Laryngoscopy Only after adequate depth of anesthesia
Incision/tumor manipulation
Anesthetic maintenance Volatiles (sevoflurane/isoflurane), adequate opioids (consider 

remifentanil drip), propofol
Antihypertensives (see 
Table 13.4 as well)

Calcium channel blockers (nicardipine), sodium nitrates 
(nitroprusside), β-blockers (labetalol), magnesium, alpha- 
antagonists (phentolamine)

Hydration To prepare for tumor removal and possible hypotension
Tumor removal
Consider steroid 
replacement

Especially in bilateral adrenalectomies

Vasopressors available E.g., phenylephrine, vasopressin, epinephrine
Pain control post-op Opioids, adjuvants (NSAIDS, a2 agonists), and/or consider 

neuraxial

Based on data from Ref. [3]

Table 13.3 Medications to avoid in patients with a pheochromocytoma

Medication Effect

Ketamine Sympathomimetic effects – catecholamine release
Morphine Histamine release
Curare Histamine release
Atracurium Histamine release
Ephedrine/epinephrine Sympathomimetic effects – Catecholamine release
Pancuronium Vagolytic effect
Halothane Arrhythmogenic – Sensitizing the heart to 

catecholamines
Desflurane Sympathetic stimulation due to irritation

Based on data from Refs. [3, 8]
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dilation may confound the issue as well. Post-removal hypotension may be counter-
acted using fluid boluses prior to tumor ligation, vasoactive agents, and steroid 
replacement especially following bilateral adrenalectomies [3].

 Lesson 6: Commonly Used Antihypertensives Intraoperatively

The typical hemodynamic crisis during tumor resection is due to epinephrine or 
norepinephrine (depending on which one is predominately secreted by the tumor) 
and can manifest as hypertension associated with either tachycardia or bradycardia. 
In addition to increasing the anesthetic depth, the administration of antihyperten-
sives is important to counteracting the hemodynamic changes. Direct arterial vaso-
dilators have been shown to be very effective intraoperatively. Sodium nitroprusside 
and nitroglycerin are the most commonly used agents. Both drugs are easily titrat-
able and have a rapid onset of action. Nicardipine and/or fenoldopam have also been 
used with success. Additional antihypertensive adjuvants include phentolamine and 
magnesium [3].

Phentolamine is a direct arterial vasodilator that is used in refractory situations 
and/or hypertensive emergencies where preferential alpha blockade is critical (e.g., 
cocaine intoxication, pheochromocytoma) [17–19]. Magnesium sulfate is a potent 
vasodilator and calcium antagonist which helps counteract the catecholamine- 
stimulated hemodynamic swings. A short-acting beta blocker such as esmolol may 
be included for heart rate control being careful to avoid unopposed alpha blockade 
[3]. Although labetalol is a commonly used antihypertensive in practice, one must 
consider the ratio of beta to alpha antagonism when treating someone with a pheo-
chromocytoma. Labetalol has greater beta than alpha receptor antagonism, with the 
ratio of beta-alpha antagonism being 3:1 after oral and 7:1 after intravenous admin-
istration [20]. Lastly, it is important to recognize the drug half-life when using anti-
hypertensive medications. Upon removal of the catecholamine-secreting tumor, the 
associated hypotension will be worsened by any long-active antihypertensive medi-
cations (see Table 13.4).

Table 13.4 Intravenous drugs to control intraoperative hypertension

Medication Dosages Half-life IV

Nicardipine Infusion 5–15 mg/h. Increase 2.5 mg/h. Q15 min to effect [8, 10] 2.7 min
Phentolamine 1 mg IV boluses Q5–10 min. Infusion 0.1–2 mg/min and titrate 

[8, 11]
19 min

Nitroglycerin 20–40 mcg boluses Q5–10 min to effect. Infusion 5–20 mcg/min 
initially with max dose 400 mcg/min [8, 12]

2.3 ± 0.6 min

Nitroprusside Infuse initially 0.5–1.5 mcg/kg/min to maximum 8 mcg/kg/min 
over 1–3 h [8, 13]

2 min

Propranolol 1 mg boluses to total of 10 mg [8, 14] 2–3 h
Esmolol Load with 5–10 mg boluses and infuse 0.25–0.5 mcg/kg/min [8, 

15]
2 min

Labetalol 5–10 mg boluses Q20–30 min up to max dose 150 mg [8, 16] 5.5 h

13 An Undiagnosed Intraoperative Pheochromocytoma



264

 Conclusion

The case described above demonstrates the importance of early diagnosis and 
proper planning for the surgical removal of a pheochromocytoma. As previously 
stated, the published mortality for an undiagnosed pheochromocytoma presenting 
intraoperatively is as high as 80% [3]. Nevertheless, remaining adequately prepared 
for the unexpected intraoperative pheochromocytoma can help turn an imminent 
disaster into a successful anesthetic.
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Chapter 14
LMA Morbidity: A Case of Unilateral 
Recurrent Laryngeal Nerve Palsy

Ryan Suda and Seth Herway

 Case Presentation

A 23-year-old male with no past medical history presented for an elective open 
reduction and internal fixation of the left ankle for treatment of a left medial malleo-
lus fracture. The patient was 5′9″, 73 kg (BMI = 24) with a favorable airway and a 
neurovascularly intact left lower extremity.

The patient was premedicated with intravenous (IV) midazolam 2 mg and ket-
amine 20 mg for severe anxiety prior to transport to the operating room. Standard 
ASA monitors were placed, and he was preoxygenated for 5 min. He received IV 
fentanyl 150 mcg and propofol 160 mg for induction of anesthesia. A Cookgas 4.5 
laryngeal mask airway (LMA) was placed easily with air leak seen at 20 cm H2O, 
and ventilation was maintained via pressure control with driving pressure of 10 cm 
H2O and PEEP of 4 cm H2O (Lesson 1). Peak inspiratory pressures were less than 
14 cm H2O. General anesthesia was maintained with sevoflurane and a 50/50 mix-
ture of oxygen and air. Vecuronium 5  mg was given for muscle relaxation, and 
cefazolin 1  gm was given for antimicrobial prophylaxis at the surgeon’s request 
prior to incision (Lesson 2). Surgery proceeded uneventfully, and muscle relaxation 
was fully reversed prior to LMA removal when the patient was alert, following com-
mands, and adequately spontaneously ventilating. The patient had an unremarkable 
course in the PACU and was discharged home later that day.

During the patient’s orthopedic surgery clinic visit on postoperative day (POD) 
22, he reported voice hoarseness and difficulty swallowing that had persisted since 
the day of his procedure. His voice was hoarse and barely audible. He reported three 
episodes of difficulty swallowing liquids with subsequent coughing and choking. 
He was immediately referred to otolaryngology for evaluation of these symptoms. 
On POD 33, a videostroboscopy exam was performed in the otolaryngology office 
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which revealed an immobile left vocal fold positioned laterally with incomplete 
glottic closure during sustained phonatory tasks (Lesson 3). He was diagnosed with 
left vocal cord paralysis, and treatment was to be initiated after a 2-week surveil-
lance period for return of vocal cord function (Lesson 4). On POD 40, the patient 
reported complete spontaneous resolution of voice changes, and no further interven-
tion or management was required.

 Lesson 1: Laryngeal Mask Airway Placement and Utilization 
Is Associated with Morbidity Including Sore Throat, Trauma 
to the Oropharynx, and Nerve Injury

 Sore Throat

The incidence of sore throat following laryngeal mask airway (LMA) use varies 
from 4% to 50% and is highly dependent on the study methods, which may differ in 
insertion skills and techniques, lubricants, and cuff pressure [1]. Factors contribut-
ing to the incidence of sore throat include the insertion technique, type of lubricant, 
type of ventilation (spontaneous or controlled), use of dry airway gases, and intra-
cuff pressure [2]. These risk factors will be discussed in detail in Lesson 2. Sore 
throat usually resolves after 24–36 h and does not have long-term sequelae. Utilizing 
the fewest number of insertion attempts, minimizing the intracuff pressure, and 
inserting the LMA fully inflated or with a special insertion aid to prevent the tip of 
the LMA from folding back can help decrease the incidence of sore throat [2–4].

 Oropharyngolaryngeal Injury

Any foreign body that comes into contact with the airway structures can potentially 
cause trauma. The LMA passes through and occupies anatomic areas from the oral 
cavity to the hypopharynx (Fig. 14.1a, b). The mucous membranes, soft tissues of 
the pharynx, and larynx are structures at high risk for injury [2]. However, trauma 
to the uvula, tonsils, posterior pharyngeal wall, epiglottis, and larynx has been 
reported after LMA use [2, 5]. Good insertion technique is crucial in minimizing 
trauma to the sensitive pharyngeal structures. Similarly, choosing an appropriately 
sized LMA can minimize pharyngeal trauma as one too large may create insertion 
difficulties and one too small may require an increased intracuff volume thus 
increasing pressure and thereby increasing the chance of LMA morbidity [6]. 
Preventing the tip of the LMA from folding back by using an insertion aid reduced 
the incidence of trauma, defined by the presence of blood on the LMA after 
removal, from 22% to 4% [4]. Similarly, the fully inflated technique decreased the 
presence of blood after removal to 0% compared with 15.3% using the standard 
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technique [3]. When placing an LMA, good insertion technique utilizing one of 
above methods with appropriate lubrication and a gentle hand can minimize trauma 
to the airway.

 Nerve Injury

Some of the more serious complications from LMA use are nerve palsies. The injuries 
usually manifest from emergence to 48 h after surgery. The majority of nerve palsies 
resolve in 1 h to 18 months. Pressure neuropraxia from the tube or cuff is the most 
common cause [1]. Injuries can occur with appropriate LMA use, despite previous 
thoughts that nerve injuries were related to suboptimal use. Other etiologies are chem-
ical neuritis by use of the wrong lubricant or cleaning fluid, local inflammation due to 
insertion trauma, and stretch neuropraxia from head, neck, or body positional changes 
[7]. Injuries to the lingual, recurrent laryngeal, and hypoglossal nerves have been 
reported with the Classic (Teleflex Medical, Research Triangle Park, NC, USA), 
ProSeal (Teleflex Medical, Research Triangle Park, NC, USA), and Supreme (Teleflex 
Medical, Research Triangle Park, NC, USA) LMAs [8–10]. Both unilateral and bilat-
eral injuries have been reported. Unilateral inferior alveolar and infraorbital nerve 
injuries have been described with the Classic and Supreme LMAs, respectively [10].

The lingual nerve is at risk of compression as it enters the mouth below the infe-
rior border of the superior pharyngeal constrictor muscle and continues against the 
periosteum of the mandible posterior to the third molar (Table  14.1, Fig.  14.2). 
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Fig. 14.1 (a) Pharyngeal structures adjacent to LMA® Unique™, a first-generation device. 
LMA® Unique™ is a trademark or registered trademark of Teleflex Incorporated or its affiliates. 
Image generated by, and used with permission from, Teleflex®. Author note: the author’s intent is 
to show the LMA can exert pressure on a large surface area of delicate pharyngeal structures. 
(b) Pharyngeal structures adjacent to LMA® Proseal™, a second-generation device. Author note: 
the author’s intent is to show the LMA can exert pressure on a large surface area of delicate pha-
ryngeal structures. (LMA® Proseal™ is a trademark or registered trademark of Teleflex 
Incorporated or its affiliates. Image generated by, and used with permission from, Teleflex®)
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Lingual nerve injury usually presents as loss of taste, and sensation over the anterior 
tongue. The inferior alveolar nerve is at risk of compression where it lies superfi-
cially between the last molar tooth and the ramus of the mandible or direct compres-
sion of the LMA over lower lip (Fig. 14.2). Inferior alveolar nerve injury usually 
presents as numbness to the lower lip [9]. The hypoglossal nerve is at risk of com-
pression as it crosses the hyoid bone (Fig. 14.3). Hypoglossal nerve injury usually 
presents as difficulty in swallowing. The recurrent laryngeal nerve is at risk of com-
pression as it enters the larynx, where it passes deep to the lower border of the 
inferior pharyngeal constrictor muscle (Fig. 14.4) [8]. Recurrent laryngeal nerve 
injury can manifest as hoarseness, aphonia, stridor, dyspnea, or postoperative 
 aspiration, but presentation is dependent on presence of unilateral or bilateral injury 

Table 14.1 Anatomical site and clinical manifestation of reported nerve injuries from LMA use

Nerve at risk Anatomical site Clinical manifestation

Lingual Entering the mouth below the inferior border of 
the superior pharyngeal constrictor muscle

Loss of taste and sensation 
over the anterior tongue

Inferior 
alveolar

Superficially between the last molar tooth and the 
ramus of the mandible or direct compression over 
the lower lip

Lower lip numbness

Hypoglossal Crossing over the hyoid bone Difficulty swallowing
Recurrent 
laryngeal

Entering the larynx deep to the lower border of 
the inferior pharyngeal constrictor muscle

Hoarseness, aphonia, 
stridor, dyspnea, or 
aspiration

Trigeminal nerve [V]

Mandibular nerve [V3]

Inferior alveolar nerve

Buccal nerve
(branch of anterior trunk)

Temporalis tendon

Sphenomandibular
ligament

Pterygomandibular
raphe (cut)

Nerve to mylohyoid

Submandibular
ganglion

Lingual nerve

Hyoglossus
muscle

Genioglossus
muscle

Sphenomandibular
ligament

Inferior alveolar
nerve

Lingula

Medial pterygoid
muscle

Lingual nerve

Incisive nerve

Mental nerve

Geniohyoid muscle

Greater horns of hyoid bone

Facial nerve
[VII]

Chorda tympani

Superior constrictor muscle

Fig. 14.2 LMA pressure neuropraxia site of lingual (X) and inferior alveolar (X) nerve injury. 
(Adapted from Drake et al. [33]. With permission from Elsevier)
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Fig. 14.3 LMA pressure 
neuropraxia site of 
hypoglossal nerve (X) 
injury. (Adapted from 
Drake et al. [33]. With 
permission from Elsevier)

Fig. 14.4 (a, b) Schematic 
illustration of the anatomy 
of laryngeal innervation. 
(Adapted from Brown 
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(see Lesson 4). Permanent nerve injury is rare, and minimizing LMA morbidity risk 
factors will provide the optimal environment for LMA use.

 Lesson 2: Certain Risk Factors Increase the Prevalence 
of LMA Morbidity

 High Intracuff Pressures

Pressure exerted by the LMA can be transferred onto the pharyngeal mucosa causing a 
decrease in pharyngeal perfusion [11]. Pharyngeal capillary perfusion pressures have 
not been measured, but they are assumed to be similar to those in the trachea at 
30 mmHg (41 cm H2O). The extent of pharyngeal mucosal injury is likely determined 
by the level of pressure and its duration of application [12]. When LMAs are positioned 
correctly, and using minimal intracuff pressures, capillary perfusion pressure is rarely 
exceeded. The highest mucosal pressures are in the distal oropharynx, where the curved 
tube is pressed firmly into the vertebral body by the expanding cuff and its own elastic 
recoil [12]. Efficacy of the LMA seal depends on the degree of conformity with pha-
ryngeal tissues. Using an appropriately sized and positioned LMA with the minimal 
cuff volume required to create a seal is ideal for minimizing LMA morbidity.

The ProSeal LMA may decrease the risk of injury as the pressure against the mucosa 
(i.e., mucosal pressure) is lower than with the classic LMA for a given seal pressure [8]. 
In both paralyzed and non-paralyzed patients, the ProSeal LMA may be a more effec-
tive ventilation device than the LMA Supreme since it delivers greater positive pressure 
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before an oropharyngeal leak, albeit with increased intracuff pressure [13, 14]. While 
increased intracuff pressure of LMAs may improve oropharyngeal leak pressure, they 
may result in more postoperative pharyngolaryngeal adverse events. The intubating 
LMA Fastrach (Teleflex Medical, Research Triangle Park, NC, USA) can provide a 
more effective seal than the classic LMA, but pressures on the pharyngeal mucosal are 
higher and always exceed capillary perfusion pressure [12]. Therefore, it is recom-
mended that the LMA Fastrach be removed after successful endotracheal intubation. 
Pharyngeal mucosal pressures have not been measured directly in the newer LMAs 
capable of facilitating endotracheal intubation, such as the Cookgas air-Q (Cookgas, 
Lucas Ave, St. Louis, MO, USA). Mucosal pressure increases with increasing intracuff 
volume, but there is no correlation between mucosal pressures and leak pressures [15]. 
Intracuff pressures <60 cm H2O are unlikely to cause pharyngeal damage from exces-
sive mucosal pressure. Postoperative pharyngolaryngeal complications (sore throat, 
dysphagia,  dysphonia) from LMA use can be reduced, up to 70%, when cuff pres-
sure is frequently monitored and maintained with the lowest intracuff pressure feasible 
[11, 16, 17].

 LMA Size

If the LMA is too small, there is increased frequency of malposition and a tendency 
for the user to overinflate the cuff in an attempt to create a better seal, which can 
predispose the patient to oropharyngolaryngeal morbidity and nerve damage [8]. 
However, larger LMA sizes may be associated with more frequent incidence of sore 
throat due to difficult insertion [6]. A deeper plane of anesthesia or use of muscle 
relaxation may facilitate easier insertion of larger LMAs due to decreased pharyn-
geal muscle tone. When choosing an LMA size, the user must also consider if the 
patient will be spontaneously ventilating or if positive pressure ventilation is neces-
sary. If positive pressure ventilation is necessary, a larger LMA can be beneficial as 
it creates a better seal at a lower intracuff volume and pressure [18]. If spontaneous 
ventilation is planned, a smaller LMA can be beneficial as insertion is easier and 
airway sealing pressure is less critical to effective LMA function, assuming optimal 
positioning [6]. Choosing the appropriate LMA size can be challenging, and mul-
tiple factors must be taken into consideration to minimize LMA morbidity.

 Non-supine Positioning

The LMA was originally intended to be inserted and used in the supine position [19]. 
As LMA familiarity increased, it began being used in various patient positions. LMAs 
have been used in a variety of patient positions, ranging from supine, to lateral, to 
prone. However, lateral positioning and extreme head-side rotation are risk factors for 
oropharyngolaryngeal morbidity and nerve injury [8]. Multiple types of nerve injuries 
have been reported when using an LMA in a lateral position, and many of the 
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hypothesized mechanisms focus on localized nerve compression. Similar nerve inju-
ries have been reported with extreme head-side rotation with the proposed mechanism 
being localized nerve compression or stretch neuropraxia [8, 9, 20]. Anytime a 
patient’s position is changed, there is an opportunity for the airway device to alter 
position. The LMA can become slightly malpositioned when turning lateral, creating 
an unbalanced increased in pressure on certain pharyngeal structures. Additionally, 
external forces may alter internal interaction between the LMA and pharyngeal struc-
tures such as a pillow, neck roll, or extreme head positions. The appropriateness of 
using an LMA should be carefully considered if there are additional LMA morbidity 
risk factors present when the lateral position is surgically necessary. If there are no 
other risk factors, extra vigilance should be taken to prevent extreme head-side rota-
tion and minimize any intra- or extra- oropharyngeal pressure points.

 Nitrous Oxide

Nitrous oxide is routinely used as part of a balanced anesthetic for procedures. If 
nitrous oxide is used, it rapidly diffuses into the cuff of reusable LMA devices, caus-
ing an increase in intracuff pressure [8]. The intracuff pressure, if not monitored, 
can rise to levels where pharyngeal mucosal perfusion may be impaired, causing 
morbidity. There is a significant increase in intracuff pressure during the first 60 min 
from the diffusion of nitrous oxide [11]. The increase in intracuff pressure seems to 
plateau over a period of 1–2 h [21]. Interestingly, disposable (polyvinyl chloride) 
LMAs have more stable intracuff pressures than reusable (silicone) LMAs during 
nitrous oxide administration [22]. Given the morbidity potential, monitoring LMA 
intracuff pressures with manometry is recommended when administering nitrous 
oxide [17]. Vigilant removal of cuff air may be necessary throughout a procedure 
utilizing nitrous oxide to keep intracuff pressures to a minimum. Postoperative mor-
bidity from LMA use can be reduced, up to 70%, when cuff pressure is frequently 
monitored and maintained with the lowest intracuff pressure feasible [11, 16, 17].

 Lidocaine Lubricants

Adequate lubrication of LMAs assists in gentle and successful insertion. There are 
various types of lubricants such as normal saline, water based, silicone based, and 
local anesthetic based. These lubricants serve a similar function as saliva, which 
aids in swallowing and helps prevent sticking to the oropharynx. Water-soluble and 
normal saline lubricants are recommended for use in LMA insertion. Lubricants 
composed of local anesthetic gel can cause paresthesia and damage the integrity of 
protective airway reflexes in some patients [23]. Similarly, transient nerve injury has 
been reported with the use of local anesthetic lubricants [24]. Avoiding local anes-
thetic lubricants can decrease LMA morbidity by preserving the integrity of the 
protective airway reflex and minimizing the possibility of transient nerve injury.
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 Difficult or Alternate Insertion Techniques

The standard technique of inserting the LMA by the manufacturer and inventor includes 
complete LMA deflation with lubrication of the back of the mask, placement of the 
LMA using the palate as a guide, and then inflation of the LMA with enough air to 
obtain an adequate seal. The standard technique is most successful in obtaining appro-
priate position (assessed with fiber-optic bronchoscopy) and function when compared 
to semi-inflated, fully inflated, or back-to-front (deflated with 180° rotation) LMA 
insertion [19]. Multiple insertion attempts increase the chance of traumatizing oropha-
ryngeal structures, which may lead to sore throat. However, fully inflating the LMA 
with recommended volume of air prior to insertion decreased sore throat from 21.4% 
to 4.1%, which may be due to the presentation of a softer leading edge to the posterior 
pharyngeal wall [3]. A similar effect was observed when a special insertion aid was 
used to prevent the tip of the LMA from folding back, reducing the incidence of trauma 
(blood on the LMA after removal) from 22% to 4% [4]. Therefore, optimizing inser-
tion technique to minimize insertion attempts, and trauma to the posterior pharyngeal 
wall, should be employed to reduce the chance of sore throat.

The ProSeal LMA may carry greater risk of injury, in principle, than the classic 
LMA, as it is more difficult to insert and the larger cuff will be in contact with a 
greater portion of the oral and pharyngeal cavities [8]. However, malposition is less 
likely with the ProSeal LMA as it can be easily detected.

 Cervical Bone or Joint Disease

Cervical bone or joint disease decreases the flexibility of the neck and can cause inhi-
bition in its range of motion. The sniffing position facilitates LMA insertion and is 
recommended according to its manufacturer and inventor [19]. LMA insertion may be 
challenging if conditions are not optimized, such as with impaired neck extension. 
Similar to cervical joint or bone disease, a cervical collar intended to maintain cervical 
spine stability can create challenging conditions for LMA placement. As previously 
discussed, difficult insertion is a risk factor for LMA morbidity. Traumatic LMA 
placement can cause oropharyngolaryngeal trauma or nerve injury [25]. Optimal, 
atraumatic insertion can be accomplished with the previously described techniques. In 
patients with cervical bone or joint disease, the practitioner should balance the risks of 
LMA morbidity when determining the best method to secure the airway.

 Lesson 3: Airway Innervation

Five nerves innervate the airway. The lingual nerve and chorda tympani provide sen-
sation to the anterior two thirds of the tongue. The glossopharyngeal nerve supplies 
sensation to the posterior one third of the tongue and upper pharynx. The internal 
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branch of the superior laryngeal nerve receives sensory input from the epiglottis, 
aryepiglottic folds, and larynx as inferior as the vocal cords. The recurrent laryngeal 
nerve provides sensation to the larynx below the vocal cords to the trachea. 
Knowledge of airway anatomy and innervation is critical to the anesthesia provider 
not only for airway management but also in preventing nerve palsies due to pressure 
neuropraxia. The following text highlighted in red indicates anatomic locations 
prone to pressure neuropraxia in the course of the various nerves. Complete knowl-
edge of airway innervation can distinguish between pressure neuropraxia from 
LMA use and other sources (i.e., surgical).

 Trigeminal/Lingual Nerve

The trigeminal nerve is composed of three branches, the ophthalmic, maxillary, and 
mandibular nerves. The mandibular nerve is a mixed nerve carrying motor and sen-
sory fibers. The lingual nerve is a branch of the mandibular nerve and supplies 
somatic sensory afferent innervation from the mucous membrane of the anterior two 
thirds of the tongue, the lingual mucosa on the floor of the oral cavity, and the lin-
gual gingiva associated with the lower teeth. After it courses through the infratem-
poral fossa, the nerve continues between the mandibular ramus and the medial 
pterygoid before joining with the chorda tympani branch of the facial nerve. The 
nerve proceeds along the surface of the medial pterygoid until it reaches the bone 
located a few millimeters below and behind the junction of the vertical and horizon-
tal rami of the mandible. The lingual nerve then passes below the mandibular attach-
ment of the superior pharyngeal constrictor and pterygomandibular raphe until it 
lies opposite to the posterior root of the third molar where it is covered only by the 
gingival mucoperiosteum (Fig. 14.2, see green X). The nerve continues along the 
superior surface of the mylohyoid muscle until it divides into numerous terminal 
branches entering the hyoglossus, genioglossus, and lingual mucosa [26].

 Facial Nerve/Chorda Tympani

The facial nerve is composed of intracranial and extracranial branches that per-
form a variety of functions. The chorda tympani is an intracranial branch that 
provides special sensory fibers providing taste sensation from the anterior two 
thirds of the tongue. The nerve arises anterolaterally below the facial nerve to 
the stapedius, passing anterosuperiorly in the posterior canaliculus to the middle 
ear. It exits the tympanum via the anterior canaliculus before exiting the skull 
by a minute foramen behind the base of the spine of the sphenoid. The chorda 
tympani descends medial to the spine of the sphenoid and angles forward to join 
the lingual nerve a few centimeters below the base of the skull, just above the 
lower border of the lateral pterygoid. It continues to join the fibers of the lingual 
nerve [27].
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 Glossopharyngeal Nerve

The glossopharyngeal nerve is a mixed nerve consisting of both sensory and motor 
nerve fibers. The general sensory component carries afferent pain, temperature, and 
touch from the walls of the upper pharynx and posterior one third of the tongue. The 
glossopharyngeal nerve exits the skull through the jugular foramen and runs superficial 
to the internal carotid artery but deep to the jugular vein, external carotid artery, and 
styloid process to cross the deep surface of the stylopharyngeus muscle, which it inner-
vates. It gives off a branch to the pharyngeal plexus and then continues around the lateral 
border of the stylopharyngeus muscle traveling toward the tongue base where, deep to 
the hyoglossus muscle, it divides into its terminal lingual and tonsillar branches [28].

 Superior Laryngeal Nerve

The superior laryngeal nerve is a branch of the vagus nerve and itself branches into 
an external and internal laryngeal nerve. The external branch supplies innervation to 
the cricothyroid muscle, which functions to tense the vocal cords, increasing pitch. 
The internal branch carries sensory afferent fibers from the epiglottis, mucous mem-
branes in the aryepiglottic fold, and mucous membranes lining the larynx as inferior 
as the vocal cords. The superior laryngeal nerves arise from the inferior ganglion of 
the vagus nerve, descend alongside the pharynx posterior to and then medial to the 
internal carotid artery, and then divide into a larger internal branch and a smaller 
external branch. The external branch descends posterior to the sternothyroid muscle 
and the superior thyroid artery, passing superficially to the inferior constrictor and 
then piercing it to supply the cricothyroid muscle as well as the inferior constrictor. 
The internal branch pierces the thyroid-hyoid membrane and subsequently divides 
into the upper and lower branches, which provide terminal fibers to the mucous 
membrane of the larynx from the epiglottis to the focal folds [29].

 Recurrent Laryngeal Nerve

The recurrent laryngeal nerve is a branch of the vagus nerve. The recurrent laryn-
geal nerve supplies innervation to all the intrinsic muscles of the larynx, with the 
exception of the cricothyroid muscles. It also carries sensory afferent fibers from the 
larynx below the vocal cords to the trachea, (Fig. 14.2). The recurrent laryngeal 
nerves emerge from the vagus nerve at the level of the aortic arch, and the right and 
left nerves are not symmetrical (Fig. 14.3). The left nerve loops posterior and medi-
ally under the aortic arch and then ascends within the tracheoesophageal groove 
before coursing between the thyroid gland and trachea before entering the larynx 
(Fig. 14.4; see red X). The right nerve loops posterior and medially under the right 
subclavian artery, then ascends along the superior lobe of the pleura, and approaches 
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the tracheoesophageal groove behind the common carotid artery where it continues 
superiorly between the trachea and thyroid gland before entering the larynx [30].

 Lesson 4: How Do You Diagnose a Recurrent Laryngeal  
Nerve Injury?

 Lesson 4-A: How Does a Unilateral Recurrent Laryngeal  
Nerve Injury Present?

To diagnose a recurrent laryngeal nerve (RLN) injury, an objective clear undis-
turbed view of the vocal cords during spontaneous ventilation must be obtained. 
The view can be obtained via flexible fiber-optic laryngoscopy with the patient 
awake or under general anesthesia. If done awake, the airway should be adequately 
anesthetized to tolerate the passage of the flexible fiber-optic bronchoscope. The 
nasal route is usually more comfortable for patients. Once there is a good view of 
the vocal cords with the fiber-optic bronchoscope, watch the vocal cords abduct 
with inspiration and passively adduct with expiration or, if possible, actively adduct 
by having the patient say “eeee.”

If done under general anesthesia, either at the end of a case to see if there is an 
RLN injury or for other reasons, ensure the patient is under an adequate depth of 
anesthesia prior to changing the endotracheal tube to a LMA. Through the LMA, 
confirm a good view of the vocal cords with a fiber-optic bronchoscope. While the 
patient is still under general anesthesia, reverse the muscle relaxant completely and 
allow the PETCO2 to increase so the patient begins to breathe spontaneously. 
Lighten the general anesthesia until spontaneous ventilation is well established; 
then vocal cords will abduct with inspiration and will passively adduct with expira-
tion (Fig. 14.5) [31].

A unilateral recurrent laryngeal nerve injury presents with dysphonia such as 
hoarseness or breathiness and may be associated with dysphagia and aspiration 
[32]. A partial injury of a unilateral recurrent laryngeal nerve will result in the 
injured side remaining fixed in adduction toward the midline, and it does not abduct 
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Fig. 14.5 Schematic 
illustration of the course of 
the recurrent laryngeal 
nerve. (Adapted from Daly 
[31]. With permission from 
Springer-Verlag)

R. Suda and S. Herway



279

(Fig. 14.6c). The uninjured side abducts and adducts normally. A total transection of 
a unilateral recurrent laryngeal nerve will result in no vocal cord movement on the 
injured side, and the injured vocal cord is fixed in the cadaveric 45° position 
(Fig. 14.6b) [31].

a

b

c

d

Fig. 14.6 Various types of recurrent laryngeal nerve injury. (a) Total transection of bilateral recur-
rent laryngeal nerves. (b) Total transection of unilateral recurrent laryngeal nerve. (c) Partial injury 
of unilateral recurrent laryngeal nerve. (d) Partial injury of bilateral recurrent laryngeal nerves. 
Red line indicates vocal cord with nerve injury. Black line indicates vocal cord without nerve 
injury. The blue arrows show movement of uninjured vocal cord. (Adapted from Daly [31]. With 
permission from Springer-Verlag)
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 Lesson 4-B: How Does a Bilateral Recurrent Laryngeal  
Nerve Injury Present?

A partial injury of bilateral recurrent laryngeal nerves will result in no movement of 
both vocal cords, and both sides are in adduction toward the midline (Fig. 14.6d). 
A bilateral recurrent laryngeal nerve injury presents immediately after extubation as 
biphasic stridor, respiratory distress, or both [24]. A complete transection of bilat-
eral recurrent laryngeal nerves will result in no vocal cord movement; both vocal 
cords are fixed in the cadaveric 45° position (Fig. 14.6a) [31]. The diagnostic proce-
dures for bilateral injury are identical to the ones described in Lesson 4-A.
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Chapter 15
Management of Local Anesthetic Systemic 
Toxicity (LAST)

Preetham J. Suresh

A 70 kg otherwise healthy 32-year-old G4P0 at 22 weeks of gestation who is status 
post a motor vehicle accident with multiple rib fractures, L2 and L3 burst fractures, 
and an open right distal tibia and fibular fracture is scheduled for an open reduction 
and internal fixation of her right leg. The patient is very worried about general anes-
thesia given her prior miscarriages. Because of her strong preference for regional 
anesthesia and concern with performing a neuraxial anesthetic immediately after 
spinal trauma, peripheral nerve blocks were chosen as the anesthetic plan. 
Ultrasound-guided femoral and sciatic nerve blocks were performed using 25 cc of 
2% lidocaine with epinephrine for the femoral and 20 cc of 2% lidocaine with epi-
nephrine for the sciatic done in the popliteal fossa.

Approximately 10 min after the second block is completed, the patient becomes 
very anxious, and she complains that her tongue and lips are tingling (L1–22).

 L-1. What Are the Symptoms of LAST, and How Do They 
Correlate with Plasma Concentrations?

Older studies suggest a biphasic sequence of symptoms for both central nervous sys-
tem (CNS) and cardiovascular system (CVS) toxicity. Typically, there is CNS stimu-
lation followed by depression and CVS stimulation followed by collapse (Fig. 15.1).

This relationship is based on data from volunteers who were given infusions of 
local anesthetics and monitored for symptoms [1, 2]. Five volunteers got infusions 
of intravenous bupivacaine at 10 mg/min until 125 mg was given or symptoms were 
severe enough to stop the infusion. One week later, they received lidocaine at 20 mg/
min until 250 mg was given. This was compared to symptoms using etidocaine.
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The first finding is the local effect on the tongue and mouth from the local anesthetic 
(LA) leaving the vascular space and anesthetizing the nerve endings causing tongue or 
perioral numbness. Following this, neuroexcitatory symptoms were seen due to block-
ing inhibitory pathways followed by neurodepression due to blockage of inhibitory and 
facilitatory pathway. CVS effects have a similar excitatory effect with hypertension and 
tachycardia, followed by myocardial depression and decreased cardiac output.

In situations where large doses or rapid injections are given, this gradual progres-
sion of symptoms is less likely as evidenced by more recent data describing the 
presenting symptoms in known LAST cases (see Figs. 15.2 and 15.3) [3]. Rather 
than seeing the gradual onset of symptoms described in the controlled setting, 
patients may present with symptoms such as seizure loss of consciousness [4].

Fig. 15.1 Relationship of signs and symptoms of local anesthetic toxicity to plasma concentra-
tions of lidocaine. (Based on data from Refs. [1, 2])

Fig. 15.2 The range of presenting CNS symptoms in confirmed cases of LAST. (Adapted from Di 
Gregorio et al. [3]. With permission from Wolters Kluwer Health, Inc.) [5]
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 L-2. In the Presence of CNS Symptoms with Lidocaine,  
What Is the Likelihood of Impending Cardiac Instability?

The likelihood of CVS instability from LAST depends on the local anesthetic used. 
With lidocaine, the dose at which CVS symptoms are seen is approximately four 
times the dose required to generate CNS symptoms. For the more potent lipophilic 
local anesthetics like bupivacaine, the dose to generate CVS collapse is much closer 
to the one required for CNS toxicity and convulsions (see Fig. 15.4) [6].

Fig. 15.3 Spectrum of presenting cardiovascular symptoms in confirmed cases of LAST. (Adapted 
from Di Gregorio et al. [3]. With permission from Wolters Kluwer Health, Inc.) [5]

Fig. 15.4 Relative toxic doses to cause convulsions versus cardiovascular collapse of three differ-
ent local anesthetics. (Reprinted from Rogers et al. [7]. With permission from Elsevier)
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 L-3. If There Is CV Instability with Lidocaine, What Is 
the Likelihood of a Successful Resuscitation?

The rate of successful resuscitation in dogs after cardiovascular collapse from intra-
venous infusions of lidocaine, bupivacaine, levobupivacaine, and ropivacaine was 
evaluated [8, 9]. Success rates (see Fig. 15.5) were greater for resuscitations from 
lidocaine (100%), than ropivacaine (90%), than levobupivacaine (70%), and than 
bupivacaine (50%). Required doses to induce cardiovascular collapse were greater 
for lidocaine (127  mg/kg), than ropivacaine (42  mg/kg), than levobupivacaine 
(27 mg/kg), and than bupivacaine (22 mg/kg). From this data we can see that the 
dose required to generate CVS toxicity from lidocaine is extremely high, and if it 
were to occur, the likelihood of a successful resuscitation is also high.

 L-4. Your Colleague Suggests Giving Lipid Emulsion, How 
Does Lipid Emulsion Work?

The understanding of the mechanism for how a lipid emulsion works for LAST has 
evolved from a static lipid sink and metabolic substrate hypothesis [10] to one that 
involves dynamic shuttling, hemodynamic, and postconditioning effects [11]. The lipid 
shuttle allows for local anesthetics to be transferred from highly vascular organs like the 
brain and heart that are sensitive to local anesthetics to the muscle and liver for storage 
and metabolism. The metabolic mechanism suggests that the lipid emulsion provides 
the fatty acid substrate required from ATP generation by the mitochondria. The theory is 
based on the fact that local anesthetics inhibit carnitine-acylcarnitine translocase (CAT). 
CAT is the intracellular enzyme responsible for the transfer of long- chain fatty acids into 
mitochondria for ATP production (see Fig. 15.6). The theory is that the enzymatic inhi-
bition by local anesthetics is overwhelmed by the massive amounts of fatty acids allow-
ing ATP production to resume. This is supported by evidence from a patient with 
carnitine deficiency who was particularly sensitive to developing arrhythmias with low-
dose bupivacaine. Additionally, lipid emulsion improves contractility in a rat model of 
LAST and a canine model of myocardial stunning. Additionally, lipid has been shown 

Fig. 15.5 Likelihood of 
death vs. successful 
resuscitation after various 
local anesthetics in dogs. 
(Based on data from Refs. 
[9, 10])
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to reduce myocardial ischemia-reperfusion injury and may also be acting in this way 
during treatment of LAST. Using mathematical computer modeling, the need for the 
additional factors impacting recorvery were identified. The beneficial effects of lipid 
infusion via volume expansion and improved cardiac performance help satisfy the 
model [11].

 L-5. What Physiochemical Property of the Local Anesthetic 
Will Predict the Utility of Lipid Emulsion in LAST?

Lipid solubility is the primary determinant of a local anesthetic getting absorbed by 
an infusion of lipid emulsion. Lipid solubility is secondary to the carbon groups on 
the benzene ring (see Fig. 15.7). The more lipid soluble a local anesthetic is, the 

Fatty acid

Fatty acid

Fatty acyl Acyl carnitine

Acyl carnitine

Carnitine

Carnitine

CoA

β oxidation

TCA cycle

NADH/FADH2

Mitochondrial matrix

Fatty acyl CoA

Acetyl CoA

FACS

CPT1

CPT2

ATP

Outside cell

Inside cell

Fatty acid
transporter

Electron transport chain

CATCAT

Fig. 15.6 The steps required for a fatty acid to get into the mitochondria and be utilized to generate 
ATP via the electron transport chain. FACS fatty acyl CoA synthetase, CPT1 carnitine palmitoyltrans-
ferase 1, CPT 2 carnitine palmitoyltransferase 2, CAT carnitine acyltransferase, TCA the citric acid cycle

15 Management of Local Anesthetic Systemic Toxicity (LAST)



288

more easily it can cross through a neural membrane allowing it to be more potent. 
This is reflected by more lipid-soluble local anesthetics being used at lower concen-
trations than the less potent ones. See Table 15.1 for relative lipid solubilities mea-
sured in octanol/water binding coefficients.

 L-6. What Is the Likelihood That Lipid Emulsion Will Work 
on Less Lipid-Soluble Local Anesthetics?

In vitro studies have revealed that local anesthetics will inhibit the flow of a current 
across a membrane by inhibiting a voltage-gated proton pumps. When exposed to 
lipid emulsion, this effect is blocked for bupivacaine but not significantly for lido-
caine [12]. Similarly, when rat hearts were pretreated with lipid emulsion (0.25 ml/
kg/min × 10 min) prior to the administration of bupivacaine, the onset of asystole 
was delayed. No such beneficial effects were seen in preventing mepivacaine- 
induced cardiotoxicity, and the recovery period was prolonged in the rats that got 

Fig. 15.7 Comparison of 
amide and ester local 
anesthetics. The chemical 
structure of the local 
anesthetics determines its 
class (amide or ester) and 
its physiochemical 
properties like lipophilicity 
and pKa. The lipophilicity 
comes from the benzene 
ring at one end, and the 
pKa is related to the amine 
group at the other

Table 15.1 Table of chemical properties of various local anesthetics

pKa
% unionized  
@ pH 7.4

Onset (fast 
or slow)

Typical 
conc (%)

Lipid 
solubility

Protein 
binding (%)

Mepivacaine 7.7 33 Fast 1.5 130 77
Lidocaine 7.8 28 Fast 1 366 64
Ropivacaine 8.1 17 Slow 0.5 775 94
Bupivacaine 8.1 17 Slow 0.25 3420 95
Tetracaine 8.4 9 Slow 0.2 5822 93

As lipid solubility increases reflecting an increase in potency, the concentrations needed in clinical 
use decrease
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lipid emulsion [13]. This would suggest that lipid emulsion was actually detrimental 
to the resuscitative efforts from mepivacaine.

Furthermore an earlier study from the same group showed that lipid emulsion 
hastens the electrical and hemodynamic recovery of isolated rat hearts from bupiva-
caine but not for ropivacaine or mepivacaine [14]. Despite the lack of experimental 
evidence supporting the use of lipid emulsion for the resuscitation from less lipo-
philic local anesthetics and animal data to suggest potential for harm, there are 
several case reports and anecdotes on the lipidrescue.org supporting its success and 
encouraging its use.

 L-7. Despite the Lack of Evidence Supporting Lipid Emulsion 
Therapy in the Context of Lidocaine Toxicity, Are There Any 
Risks of Giving Lipid Emulsion to the Mother?

There have been no reported adverse effects from giving lipid emulsion for clinical 
treatment of LAST. Most risks associated with lipid emulsion are from long-term 
use except anaphylaxis, which can occur acutely [15, 16]. In rats, the LD50 for lipid 
emulsion was 68 ml/kg which was approximately three times the therapeutic dose 
[17]. The plasma triglycerides were noted to be elevated for less than 48 h, and there 
was a subsequent increase in amylase 1816–2804  U/L (40–140  U/L) and AST 
45–284 U/L (8–35 U/L). The histologic appearance of the brain, heart, pancreas, 
and kidneys was all normal. The lung had thickening of the alveolar septae and a 
few intra-alveolar foamy histiocytes at 60 ml/kg and hemorrhagic vascular conges-
tion at 80 ml/kg. There was also a dose-related finding of hepatic microvascular 
steatosis with extensive necrosis at the highest dose.

It has been suggested that other possible consequences of high-dose lipid emul-
sion may be extrapolated from findings associated with the use of lipid infusion for 
nutrition [16]. Of note, the typical duration of exposure is much longer when used 
for nutritional purposes than for toxicity treatment, but the peak dosing is less. For 
example, the dosing for infants who had received TPN and had histopathologic 
evidence of pulmonary fat embolism is shown in Table 15.2 [19].

Table 15.2 Patient data for cases of pulmonary fat embolism after infusion of lipid emulsion [18]

Case 1 Case 2 Case 3 Case 4

Body weight (kg) 1.65 1.48 2.76 3.13
Mean rate (ml/kg/h) 0.7 0.75 0.4 0.6
Max rate (ml/kg/h) 0.9 1.05 2.55 3.5
Total duration (days) 11 14 12 18

Adapted from Barson et al. [19]. With permission from BMJ Publishing Group Ltd
The max hourly rate given to the infants is less than the max dose recommended for the first 30 min 
in LAST of 10 ml/kg, but the cumulative dose given over the course of several days far exceeds the 
LAST doses
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Another consideration when giving a large dose of lipid emulsion is allergic 
reaction. Lipid emulsion contains soybean oil 20%  =  200  mg/ml (long-chain 
 triglycerides), egg yolk-derived phosphatides 12  mg/ml, and glycerin 22  mg/ml. 
Phosphatides serve the purpose of emulsification or mixing of two immiscible 
materials. The phosphatide in lipid emulsion comes from egg lecithin. Typically, 
allergic individuals are sensitive to the glycoproteins in soy or egg white albumin 
and not to the lecithin. Regardless, there is a theoretical risk of protein contamina-
tion in the lipid and subsequent allergic reaction in a sensitive individual.

 L-8. What Factors Affect Whether Local Anesthetics Will 
Cross the Placenta?

Local anesthetics cross the placenta by simple diffusion, not active transport or pino-
cytosis. The factors that affect how much crosses are protein binding, lipid solubility, 
maternal plasma concentration, maternal pH, and fetal pH [18]. At equilibrium the 
fetal/maternal ratio is approximately 0.3 for bupivacaine and 0.6 for lidocaine. 
However, the lower fetal concentrations of plasma proteins like α1 acid glycoprotein 
cause a higher fetal free fraction of drug and a similar concentration of drug capable 
of causing toxicity [20]. In the context of fetal acidosis, ion trapping can take place 
through protonation of the local anesthetic making it unable to diffuse back to the 
maternal circulation and eventual accumulation on the fetal side [21].

 L-9. Are There Any Risks to the Fetus in Utero by Giving 
the Mother Lipid Emulsion?

Triglycerides are too large to cross the placenta and are broken down by the placenta 
into fatty acids, which do cross. There is currently only one report in the literature 
of giving lipid emulsion for LAST in pregnancy, and it worked effectively without 
any known negative effects [22]. That case was an 18-year-old G1P0, 86  kg at 
38 weeks of gestation for induction of labor. The patient’s blood pressure (BP) was 
160/81 mmHg, and she had mild proteinuria with occasional fetal heart rate (FHR) 
decelerations. An epidural was placed, and negative test dose of 4 cc 2% lidocaine 
was administered. Six milliliters of 0.25% bupivacaine was given with good pain 
relief. Over the next 15 min, the BP increased to 172/114 mmHg and HR 86 bpm 
with pronounced FHR decelerations. After negative aspiration, 100 mcg fentanyl 
+10 cc of 0.5% bupivacaine is given via epidural in preparation for cesarean section 
(CS). Following injection the patient became restless and agitated and then began 
twitching and became unresponsive. Aspiration of catheter at that time was clearly 
positive for blood. At that time, two 50  cc boluses of 20% lipid emulsion were 
given, and the patient regained full consciousness, but there was ongoing fetal 
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bradycardia. An emergency CS was performed under general anesthesia resulting in 
a delivery of a 6 lbs infant with APGAR scores of 01, 75, and 1010. Both mother and 
baby were discharged home on POD#4 without complication.

With only one case report of its use in pregnancy, the potential fetal risks could 
be extrapolated from data on the use of total parenteral nutrition (TPN) in pregnancy 
[23]. TPN also contains 10–20% lipid solutions and has been evaluated in malnour-
ished pregnant women who required TPN for a range of 14–220 days. In the study 
group of 26 women all with conditions significant enough to require TPN, 7 were 
delivered preterm without congenital malformations, and 1 psychiatric patient with 
diabetes who developed a hyperglycemic coma resulted in an intrauterine fetal 
demise (IUFD). In all patients there was ultrasound evidence of improved fetal 
growth after starting TPN [24].

In another study looking at the effect of TPN on the placenta in 20 women, all 
but one had a normal placenta. That patient received TPN for 8 weeks and had pla-
cental fat deposits noted prior to a 22 week IUFD [25].

There is data from the pediatric literature that administration of lipid emulsion to 
a newborn can result in pulmonary lipid emboli [26] and potentially an increase in 
pulmonary vascular resistance [27].

 L-10. To Prevent the Progression of the CNS Symptoms 
to a Seizure, What Are the Options for Treatment?

The best option for treatment of LAST-induced seizure is midazolam. In the absence 
of immediate access to midazolam, propofol could be used while carefully consid-
ering its potential impact on the blood pressure. Please note, propofol cannot be 
used as a lipid sink in place of a lipid emulsion. It contains 10% lipid so to give the 
equivalent amount of lipid as is recommended for the initial bolus to treat LAST 
(1.5 ml/kg of 20% lipid emulsion), one would be giving 200 ml of propofol at once 
(ten 20 ml syringes).

 L-11. Why Is Prevention of a Seizure Important?

There can be rapid development of hypoxia and respiratory and metabolic acidosis 
during immediately after a seizure [28]. A clinical report of two cases of seizures 
from LAST where rapid blood gas values were obtained was published by Moore 
et  al. [29]. In the first patient, 3  min after the first seizure, the blood gas was 
7.09/59/33/17 (pH/pCO2(mmHg)/PO2(mmHg)/HCO3(mEq/L). In the other patient, 
1  min after the onset of the seizure, the blood gas was 6.99/76/87/17 (pH/
pCO2(mmHg)/PO2(mmHg)/HCO3(mEq/L). Between convulsions, attempts at ven-
tilating both patients with 100% O2 were being made.
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These rapid rises in CO2 are significantly faster than what had been reported in 
apneic awake or anesthetized patients where the expected rate of rise in the CO2 is 
13 mmHg in the first min and 6 mmHg/min after that [30].

 L-12. What Effect Does Acidosis Have on Local Anesthetics?

Local anesthetics are weak bases and cross the lipid bilayer in the uncharged form (see 
Fig. 15.8). Once intracellular, they can become protonated depending on their pKa 
relative to the surrounding pH. Once protonated, they bind the intracellular portion of 
the Na channel to prevent depolarization and signal conduction along the nerve.

In the context of acidosis, the local anesthetics may be less likely to cross the 
membrane, but the ones that have will stay protonated and bound to the sodium 
channel.

 L-13. Resuscitation Guidelines for LAST Emphasize 
the Primacy of Oxygenation and Ventilation. Is There 
Evidence to Support that Hypoxia and Acidosis Is Especially 
Harmful in the Recovery from LAST?

A study that sheds light on this took ewes, performed a tracheostomy, and invasively 
monitored electrocardiograms, encephaloelectrogram, and arterial pressure [31].

They then received either lidocaine at low (5.7 mg/kg) or high doses (11.4 mg/
kg) or bupivacaine at low (2.1 mg/kg) or high doses (4.2 mg/kg).

BH+ B

H+

Na+

Na+

BH+B
H+

Fig. 15.8 Steps required for a local anesthetic (B) to give up a proton (H+) and cross the lipid 
bilayer to get the site of action at the intracellular portion of the sodium channel
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Their findings showed that the ewes spontaneously hyperventilated during a 
LAST-induced seizure and maintained pH > 7.35 and all survived. In a subsequent 
study, the investigators induced hypoxia and a respiratory acidosis by ventilating 
with CO2 until the pH was 7.15, the PO2 was 50 mmHg, and the CO2 was 85 mmHg. 
They then administered one of the four local anesthetic regimens listed above [32].

In contrast to the hyperventilating sheep, they found that all of the acidotic and 
hypoxic ones in high-dose bupivacaine group died (see Fig. 15.9).

 L-14. For This Patient, Who Got Lidocaine Alone and Showed 
Early Signs of CNS Toxicity, Would You Give Any Medications 
to Treat Her?

The priorities in management are first to ensure oxygenation and ventilation and 
second to prevent the seizure. Given the potential for cardiac depression from pro-
pofol, midazolam would be a preferable option for treating seizures from LAST. If 
midazolam was not immediately available, judicious use of propofol would also be 
a reasonable option.

 L-15. Take the Same Scenario, and Let’s Assume She Got Her 
Peripheral Nerve Injections with 0.5% Bupivacaine (Instead 
of Lidocaine) and She Developed the Same CNS Symptoms. 
Would You Treat? With What?

In the presence of neurological symptoms from a lipid-soluble local anesthetic that 
causes cardiotoxicity and CNS toxicity at similar doses, it would be appropriate to 
move rapidly to lipid emulsion to prevent the progression of symptoms.
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Fig. 15.9 Survival rates of sheep after LAST in the context of the sheep that spontaneously hyper-
ventilated vs. the ones with induced hypoxia (PO2 50 mmHg) and acidosis (pH 7.15 and CO2 
85 mmHg). (Based on data from Refs. [31, 32])
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 L-16. What Is the Evidence that Lipid Emulsion Works?

The initial report by Dr. Guy Weinberg in 1998 described an incidental discovery that a 
lipid infusion significantly increased the LD50 of bupivacaine in rats [33]. Subsequently, 
the findings have been confirmed in other animal models and supported by multiple 
clinical reports of its use during resuscitation from LAST and other lipid-soluble drug 
overdoses. As a result, it has been adopted into the resuscitation guidelines by multiple 
professional societies including the American Society for Regional Anesthesia guide-
lines published in 2010 with revisions in 2012 and 2018. This widespread acceptance 
has preceded full understanding of the mechanism of action(s) or its specific indications. 
The rapid expansion of its use has been hastened from additional research from Dr. 
Weinberg’s group and others cautioning against the use of what would otherwise be the 
drugs of choice during resuscitation like epinephrine and vasopressin.

 L-17. What Is the Dose of Lipid Emulsion?

The dose of 20% lipid emulsion is as follows for a patient below 70 kg: First, bolus 
1.5 ml/kg over 2–3 min, and then repeat after 5 min. Second, infuse 0.25 mg/kg/min or 
15 ml/kg/h. Third, stop infusion after CVS stability has been present for more than 
10 min. Fourth, keep dose less than 10 ml/kg in the first 30 min. For a patient above 70 

kg: First, bolus 100 mL over 2–3 min. Second, infuse 200–250 mL over 15–20 min.

 L-18. This Patient Was Supposed to Go Home After Their 
Procedure, Would You Still Send Them Home? Would 
You Still Do the Procedure?

The recommendation from the Checklist for Treatment of LAST [34] is to monitor 
for at least 4–6 h after a cardiovascular event or at least 2 hours after an isolated 
neurological event. The decision to proceed with the case should be based on the 
severity of the reaction and the magnitude of treatment that was required. If there 
was accompanying hemodynamic instability, it seems prudent to avoid further com-
plicating the situation by proceeding with surgery.

 L-19. Is Using a Checklist Effective?

Trainees who used the ASRA checklist for management of LAST were twice as 
likely to complete medical management steps correctly [35]. Of note, of the trainees 
using the checklist, 40% only partially used it. It is recommended to have a copy of 
a LAST treatment along with lipid emulsion immediately available in any area 
where local anesthetics are given in significant doses.
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 L-20. Can We Follow Standard ACLS Protocols?  
What Aspects Are the Same/Different?

As with ACLS, the LAST management algorithm starts with airway management 
with the goal of avoiding hypoxia and acidosis. There are subsequent steps and 
considerations that deviate from standard ACLS and are unique to the management 
of LAST (Table 15.3).

(continued)

Table 15.3 Recommendations for treatment of LAST

If signs and symptoms of LAST occur, prompt and effective airway management is crucial to 
preventing hypoxia, hypercapnia, and acidosis, which are known to potentiate LAST. (I; B)
Lipid emulsion therapy (I; B):

 Administer at the first signs of LAST, after airway management
  Timeliness of lipid emulsion is more important than the order of administration modality 

(bolus vs. infusion)

  20% lipid emulsion BOLUS

   100 mL over 2–3 min if patient is over 70 kg

   1.5 mL/kg over 2–3 min if patient is less than 70 kg

  20% lipid emulsion INFUSION

   200–250 mL over 15–20 min if patient is over 70 kg

   0.25 mL/kg/min if patient is less than 70 kg (ideal body weight)

    If circulatory stability is not attained, consider rebolus or increasing infusion to 0.5 mL/
kg/min

  Continue infusion for at least 10 min after circulatory stability is attained
   Approximately, 12 mL/kg lipid emulsion is recommended as the upper limit for initial 

dosing (IIb; B)
  Propofol is not a substitute for lipid emulsion (III. B)
Seizure control:
  If seizures occur, they should be rapidly halted with benzodiazepines. If benzodiazepines are 

not readily available, lipid emulsion or small doses of propofol are acceptable (I; B)
   Although propofol can stop seizures, large doses further depress cardiac function; propofol 

should be avoided when there are signs of cardiovascular compromise (III; B)
  If seizures persist despite benzodiazepines, small doses of succinylcholine or similar 

neuromuscular blocker should be considered to minimize acidosis and hypoxemia (I; C)
If cardiac arrest occurs:
 If epinephrine is used, small initial doses (≤1 μg/kg) are preferred (IIa: B)
 Vasopressin is not recommended (III; B)
 Avoid calcium channel blockers and β-adrenergic receptor blockers (III; C)
  If ventricular arrhythmias develop, amiodarone is preferred (IIa: B): treatment with local 

anesthetics (lidocaine or procainamide) is not recommended (III: B)
Failure to respond to lipid emulsion and vasopressor therapy should prompt institution of CPB 
(I; B). Because there can be considerable lag in beginning CPB, it is reasonable to notify the 
closest facility capable of providing it when cardiovascular compromise is first identified during 
an episode of LAST
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 L-21. Why Is the Dose of Epinephrine Reduced?

This is based primarily on animal studies that revealed that lower doses of epineph-
rine (1–2 mcg/kg) were associated with better metabolic and hemodynamic profiles 
after resuscitation from LAST than higher doses (10–25 mcg/kg) [36].

Lower doses of epinephrine resulted in a return of spontaneous circulation 
(ROSC) faster than with saline and allowed for maintenance of hemodynam-
ics stability without the decompensation that was seen with higher doses of 
epinephrine.

It should be noted the studies that showed higher doses of epinephrine to be det-
rimental, gave a single high dose, and did not give subsequent vasopressors to sup-
port the hemodynamics. Also of note, there is animal data to show that in the context 
of hypoxia or compromised coronary perfusion and LAST, epinephrine is superior 
to lipid for resuscitation [38, 39].

 L-22. Why Is Vasopressin Discouraged in Context of LAST?

In animal studies evaluating the use of vasopressors in resuscitation from LAST (20 mg/
kg of bupivacaine), rats that got vasopressin (0.4 U/kg) or vasopressin and epinephrine 
(30 mcg/kg) developed “red-tinged” pulmonary edema and had a measurable increase 
in their wet/dry lung weight ratios [40]. Also of note, the resuscitations were less suc-
cessful from a metabolic and hemodynamic perspective when compared to lipid emul-
sion alone. As a result, the resuscitation guidelines caution against its use because of 
these worse outcomes and the association with “pulmonary hemorrhage.” In the paper 
that is referenced, however, the diagnosis of pulmonary hemorrhage is never used, but 
rather, the mice that received vasopressin were noted to have red-tinged pulmonary 
edema fluid in the expiratory limb of the breathing circuit.

Regardless, the worse outcomes with vasopressin are indirect contrast to a study 
done in pigs where resuscitation from LAST was more successful with vasopressin 
and epinephrine compared to lipid emulsion. These conflicting findings may be 

Patients with a significant CV event should be monitored for at least 4–6 h. If the event is limited 
to CNS symptoms that resolve quickly, they should be monitored for at least 2 h (IIa; B)

Use written or electronic checklists as cognitive aids during the management of LAST. A 
dedicated reader improves adherence to the checklist (I; A)

These recommendations are intended to encourage optimal patient care but cannot ensure the 
avoidance of adverse outcomes. As with any practice advisory recommendation, these are subject 
to revision as knowledge advances regarding specific complications
The class of recommendation and level of evidence for each intervention are given in parenthesis 
(see Table 1)
Changes from the 2010 LAST practice advisory [42] are italicized
CPB indicates cardiopulmonary bypass

Table 15.3 (continued)
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related to differences in experimental protocols. In the experiments with rats by Di 
Gregorio and Weinberg et al. [40], asystole occurred immediately with injection of 
20 mg/kg of bupivacaine and CPR initiated without delay. In the study by Mayr 
et  al. [41], a lower dose of 5  mg/kg was used and CPR was not initiated until 
approximately 3 min later during which time the pigs were apneic for all of that time 
and pulseless for 1 min. This study design was intended to more accurately reflect 
what would happen clinically in the context of seizure and a more realistic subse-
quent treatment time course.
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Chapter 16
Pseudocholinesterase Deficiency 
in a Patient with Subglottic Stenosis

Lawrence Weinstein

 Case Description

The patient is a 64-year-old, 68-kg woman with a past medical history significant 
for hypertension, hypothyroidism, and subglottic stenosis secondary to remote neck 
trauma 10 years prior to admission (L-1, L-2). She underwent multiple procedures 
to treat the tracheal narrowing and at one time had a Montgomery T-tube (L-3). The 
T-tube was removed about 5 years ago, and the patient last had a tracheal dilation 
4 years ago. She presented to the pulmonology service with shortness of breath and 
increasing fatigue over the preceding 2 weeks (L-4, L-5). A bronchoscopy demon-
strated subglottic narrowing, and she was scheduled for a rigid bronchoscopy with 
dilation under general anesthesia (L-6, L-7).

On the day of surgery, the patient’s history and medications were reviewed. In 
addition to the above, her surgical history was notable for a hysteroscopy 2 years 
prior. The patient denied personal and family history of complications related to 
general anesthesia. Current medications included low-dose aspirin, levothyroxine, 
hydrochlorothiazide, and a multivitamin. Physical exam demonstrated normal, reg-
ular, heart sounds and clear lungs. Notably, there was stridor of the upper airway 
when the neck was auscultated. Airway assessment showed a Mallampati II score, 
full neck range of motion, 4–5 cm thyro-mental distance, and a good mouth open-
ing. The patient’s dentition was intact and solid. Preoperative EKG demonstrated 
normal sinus rhythm with no acute ST nor T wave changes, and laboratory values 
(complete blood count, basic chemistry, and liver function tests) were all within 
normal limits. The benefits and risks of general anesthesia were reviewed with the 
patient in the holding area. A plan for general anesthesia was discussed with the 
interventional pulmonologist, who estimated that the case duration would be 
30–45 min.
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As premedication, the patient received midazolam 2 mg for anxiolysis. Upon 
arrival in the operating room, standard ASA monitors were placed. Baseline vital 
signs showed a normal sinus rhythm at 80 bpm, blood pressure of 115/64 mmHg, 
and oxygen saturation of 98% on room air. She was then preoxygenated for 3 min, 
and anesthesia was induced with fentanyl 100 mcg, lidocaine 80 mg, and propofol 
200 mg. After demonstration of easy mask ventilation and four strong twitches with 
train-of-four stimulation of the right ulnar nerve, the patient was paralyzed with 
succinylcholine 100 mg (L-8, L-9, L-10). She was ventilated via mask until com-
plete muscle relaxation was achieved, at which point the pulmonologist inserted a 
rigid bronchoscope into the trachea, and we hooked up the anesthesia circuit to the 
scope’s side port to deliver positive pressure ventilation. Maintenance anesthesia 
was provided via infusion of propofol at 160 mcg/kg/min.

The surgery and anesthetic proceeded smoothly over the next 40  min. At the 
conclusion of the procedure, the rigid bronchoscope was removed, and the anesthe-
sia team stopped the propofol infusion and resumed mask ventilation with an oral 
airway in place. At this point, the patient had four barely perceptible twitches with 
train-of-four stimulation of the ulnar nerve. After 15 more minutes, train-of-four 
stimulation showed four equal but significantly diminished twitches when com-
pared with baseline twitch strength (L-11). The patient would open her eyes to com-
mand but had significantly reduced grip strength and could not lift her head off the 
bed (L-12, L-13, L-14). She was re-sedated with propofol 50 mg IV push, and a 
#3.5 laryngeal mask airway (LMA) was placed to provide pressure support ventila-
tion. A propofol infusion was restarted at a rate of 75 mcg/kg/min, and the patient 
was transported to the postanesthesia care unit (PACU) with the LMA in place and 
hand ventilation via a Mapleson circuit connected to an oxygen tank with flows set 
to 8 l/min. Upon arrival in the PACU, the anesthesia team were met by a respiratory 
therapist with a ventilator, and the patient was placed on pressure support ventila-
tion of 10 cm H2O with PEEP of 5 cm H2O on 50% oxygen. Vital signs were stable 
throughout transport and drop off in recovery. At the time of PACU report, blood 
pressure was 94/50, pulse 66, respiratory rate 18, and oxygen saturation 98%. The 
patient was still on pressure support ventilation with a propofol infusion for seda-
tion and amnesia at this time.

Roughly 1 h later, the patient had recovered four full twitches with train-of-four 
stimulation and no fade on tetanus. Pressure support was weaned, and the patient 
breathed spontaneously. The propofol sedation was weaned, and the patient woke 
up, expressing desire to have the LMA removed by nodding when questioned. She 
was taking tidal volumes of 200–250 cc at a rate of 18 breaths/min and still exhib-
ited reduced grip strength and an inability to sustain head lift for more than 2 s. The 
anesthesiologist administered midazolam 2 mg IV to prevent recall, and the propo-
fol sedation and pressure support were restarted. From this point on, sedation was 
weaned every 20 min to assess grip strength. Ultimately, 150 min after arrival in the 
PACU, the patient demonstrated good grip strength and sustained head lift and was 
able to generate tidal volumes of 330–370  cc without support. The LMA was 
removed, and the patient was able to breathe well without evidence of weakness or 
airway obstruction. She remained in the recovery area for one more hour. Prior to 
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discharge, the patient was counseled about the events of the anesthetic and the pro-
longed recovery following neuromuscular blockade with succinylcholine (L-15, 
L-16). She was instructed to inform future anesthesia providers about the prolonged 
weakness after anesthesia and to obtain a test for pseudocholinesterase deficiency if 
possible (L-17).

Several weeks later the anesthesia team received an email from the patient’s pri-
mary care provider with the results of a pseudocholinesterase study. The total pseu-
docholinesterase level came back low at 1245 U/L (reference range 2900–7100 U/L). 
The finding provides evidence that she indeed has an enzyme deficiency that most 
likely contributed to the prolonged muscular weakness following a single dose of 
succinylcholine. The lab results were reported back to the patient so she can inform 
future providers of the enzyme activity deficiency (L-18).

 Learning Points

 L-1. Where Is the Subglottic Space and What Are the Clinical 
Manifestations of Subglottic Stenosis?

The subglottic space, extending from the inferior border of the vocal cords to the 
lower border of the cricoid cartilage, is the narrowest part of the airway above the 
carina [1]. The space is normally circular in shape and bound posteriorly by the 
cricoid cartilage. Normal diameter of the subglottic space in adults is about 
13–16 mm in males and roughly 12 mm in females.

Subglottic stenosis is a congenital or acquired narrowing of this area below the 
true vocal folds [2]. Patients with subglottic stenosis will often present with a com-
plaint of dyspnea. Sometimes this may be accompanied by hoarseness or cough as 
well. Dyspnea with exertion typically occurs at airway diameters of 8 mm or less, 
while patients with dyspnea at rest will usually have diameters of 5 mm or less at 
the narrowest point of the subglottic region [2].

Subglottic stenosis represents a fixed airway obstruction that will affect both 
parts of the normal respiratory cycle. On inspiration, audible stridor may be evident. 
Stridor is caused by turbulent, non-laminar, airflow through the stenotic region and 
is loudest at times of maximal airflow, such as with deep breaths and exercise [3]. 
During exhalation, flow is limited by the stenotic region, such that, with very small 
tracheal diameters, exhalation time will be prolonged and air trapping may occur. 
This carries clinical significance for the anesthesia provider providing ventilation to 
a patient with severe tracheal stenosis. Without allowing for adequate exhalation 
time, a provider could cause air trapping with eventual volume trauma to the over-
inflated lungs. At tracheal diameters less than 5 mm, the time needed for complete 
exhalation increases dramatically (Fig. 16.1) [4].

To diagnose subglottic stenosis, both noninvasive and invasive studies can be 
useful. Narrowing of the airway can sometimes be seen on X-rays of the neck 
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(Fig. 16.2) [5]. More precise imaging studies like CT and MRI can be useful to view 
cross-sectional images of the narrowed subglottic space, in addition to being able to 
elucidate the soft tissue structures surrounding the trachea to assess for evidence of 
external compression of the airway (Figs. 16.3 and 16.4). The gold standard for 
diagnosis, evaluation, and severity classification of subglottic stenosis is direct 
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Fig. 16.1 Exhalation time 
as a function of effective 
tracheal diameter. 
(Reprinted from Dworkin 
et al. [4]. With permission 
from Elsevier)

Fig. 16.2 X-ray 
demonstrating airway 
narrowing secondary to 
subglottic stenosis – note 
arrow pointing to arrowed 
airway. (Reprinted from 
https://en.wikipedia.org/
wiki/File:Subglottic_
stenosis_(X-ray).jpg. with 
permission from Creative 
Commons License 3.0: 
https://creativecommons.
org/licenses/by-sa/3.0/)
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Fig. 16.3 Coronal neck 
CT of the case patient 
demonstrating subglottic 
narrowing

Fig. 16.4 Sagittal neck 
CT of the case patient 
demonstrating subglottic 
narrowing
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laryngoscopy and bronchoscopy under general anesthesia [2] (Fig. 16.5). Utilizing 
this invasive technique, the pulmonologist or thoracic surgeon can assess the loca-
tion and degree of airway stenosis. Measurements should be taken to determine the 
largest bronchoscope or endotracheal tube that can easily pass through the stenotic 
segment; such information is vital going forward should the patient need additional 
procedures under general anesthesia.

 L-2. What Are the Potential Causes of Adult-Onset, Acquired 
Subglottic Stenosis?

The most common cause (90%), by far, of acquired subglottic stenosis is endotra-
cheal intubation. Following intubation, the subglottic mucosal tissue may be dam-
aged and undergo an inflammatory healing process resulting in eventual proliferation 
of granulation tissue and scarring with consequent narrowing of the subglottic 

Fig. 16.5 Fiberoptic 
image of subglottic 
stenosis secondary to tissue 
web in the case patient. 
Black arrows, vocal folds; 
white arrows, subglottic 
stenosis area
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region. The most important risk factor for development of airway narrowing is 
duration of intubation. Endotracheal tube size, cuff pressure, number of intubations, 
traumatic intubation, and concurrent infection also contribute to the likelihood of 
post-intubation stenosis formation [2].

Other causes of acquired subglottic stenosis include laryngeal trauma, prior air-
way surgery (particularly a high tracheotomy or cricothyroidotomy), airway infec-
tion, gastroesophageal reflux disease (GERD), inflammatory diseases, radiation 
therapy, and idiopathic stenosis [2].

 L-3 What Is a Montgomery T-Tube?

A Montgomery T-tube is a device used as an airway and stent after laryngeal trauma 
or surgery. It is “T” shaped and has laryngeal arm, a tracheal projection, and an 
extra-tracheal portion that extends anteriorly out through a tracheostomy stoma 
(Fig. 16.6). It allows a patient to move air via either the upper “natural” airway 
through the laryngeal piece or via the stoma (as is necessary in the case of upper 
airway obstruction) [6]. The laryngeal projection also serves to stent the stenotic 
region of the subglottis, maintaining airway patency.

Very symptomatic patients with subglottic stenosis may require a temporary 
Montgomery T-tube or tracheostomy as a bridge to more definitive treatment. While 
minimally invasive, these options have the disadvantage of potentially increasing 
the extent of the tracheal narrowing and can predispose to bacterial colonization and 
infection. They are typically utilized as a short-term palliative treatment prior to an 
intervention or when surgical treatment is not a viable option [6].

 L-4. How Is Subglottic Stenosis Classified in Terms of Disease 
Severity?

The Myer-Cotton staging is the most useful and widely used classification system 
for stenosis confined to the subglottis. It categorizes stenosis based on the percent 
reduction in cross-sectional area of the subglottic space. Four grades are recognized 
ranging in severity from grade I lesions (<50% occlusion) to grade IV, in which 
there is no detectable lumen with complete stenosis [2] (Table 16.1, Fig. 16.7).

Table 16.1 Myer-Cotton 
grades for subglottic stenosis

Myer-Cotton grade Subglottic occlusion

Grade I Less than 50%
Grade II 51–70%
Grade III 71–99%
Grade IV Complete

Based on data from Ref. [2]
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 L-5. How Is Resistance Defined and What Is the Effect 
of Subglottic Stenosis on Airway Resistance and Flow?

Resistance can be defined by the relationship of a pressure change or gradient 
divided by a flow rate:

 
R P

=
∆
V  

R = resistance, ΔP = driving pressure, V = flow rate
ΔP is expressed in cm H2O and V  in L/min, so R = (cmH2O)/(L/min)

Rearranging, V  = ΔP/R; it can be seen that with a constant ΔP, increases in 
resistance lead to a decrease in flow. Such is the case in the stenotic airway, with 
significant stenosis greatly increasing airway resistance leading to reduced flow 
necessitating an increased work of breathing to generate a larger ΔP [3].

In order to better understand this, it is important to understand the relationship 
between airway diameter and resistance to flow in a cylindrical pipe. The 
Poiseuille equation gives the pressure drop in a fluid flowing in a laminar fashion 
through a cylindrical pipe. This can be applied to respiratory physiology at low 
velocity flow rates through the roughly cylindrical trachea and upper airways. 
The equation follows:

a

b

c

Fig. 16.6 Montgomery 
T-tube 1: (a) short 
laryngeal arm, (b) 
extra-tracheal part through 
stoma, (c) long tracheal 
projection. (Reprinted from 
Guha et al. [6]. With 
permission from Elsevier)
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ππ

V

 

ΔP, pressure difference; ι, pipe length; η, viscosity; V , flow rate; r, radius

Dividing both sides by FLOW gives us an expression of resistance, since  
R = ΔP/ V :

 
R 8

r4=
ηηιι
ππ  

The important take-home point of the equation is that airway resistance in the 
trachea and subglottic space is inversely related to radius by a power of four [7]. 
Therefore small reductions in subglottic cross-sectional area can have a profound 
impact on increasing the resistance to airflow and consequently the work of breath-
ing and symptoms of dyspnea. Additionally, the narrowed airway often causes more 
turbulent flow, which in turn produces the auditory stridor heard on auscultation of 
the stenotic airway.

 L-6. What Are the Treatment Options for Subglottic Stenosis?

There are both medical and surgical management options for subglottic stenosis. 
For patients with non-severe symptoms and a decent level of activity, medical ther-
apy is aimed at preventing disease progression [2]. These therapies include control-
ling underlying processes contributing to the stenosis (inflammatory disease, 
infection, etc.) and anti-esophageal reflux management (proton pump inhibitors, 
dietary modification).

Once subglottic stenosis has progressed to a consistently symptomatic prob-
lem, medical intervention is not usually sufficient to provide resolution of symp-
toms. In an acute exacerbation, heliox may be useful in decreasing the work of 
respirations until a temporizing or more permanent surgical treatment can be 
performed. Heliox is a mixture of helium and oxygen at varying ratios, which has 
a much lower density than air or oxygen alone. Heliox utility stems from its 
much lower density than air or oxygen (Table 16.2). While laminar flow resis-
tance is dependent on viscosity (lower viscosity = lower resistance = better flow), 

Table 16.2 Carrier gas 
properties for air, oxygen, 
and various heliox mixtures

Carrier gas Density (g/L) Viscosity (μΡ)

Room air 1.20 183
Oxygen 100% 1.429 203
Heliox 70/30 0.52 199
Heliox 80/20 0.40 198

Based on data from Ref. [8]
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turbulent flow is related to the density of a fluid or gas. Since subglottic stenosis 
causes a turbulent, non-laminar, flow pattern, the less dense heliox mixture will 
result in improved flow with decreased work of breathing. The other potential 
benefit of the less dense heliox is that, at a given flow velocity and airway diam-
eter, it has a lower Reynolds number, which will produce a tendency toward more 
laminar flow [9].

Interventional management options can be subcategorized into endoscopic and 
open procedures. Endoscopic treatment, such as was used in this case, typically 
involves flexible or, more often, rigid bronchoscopy under general anesthesia. 
Palliative and corrective options via this approach include balloon dilation, laser 
resection of granulomatous tissue, and stenting of stenotic regions [2]. These non- 
open surgical approaches tend to be more effective when the stenotic lesion is lim-
ited in scope (Myer-Cotton grades I–II) and distribution. Also, they may not be 
permanent solutions; with balloon dilation and laser treatment, there is a possibility 
of recurrence necessitating future procedures.

When endoscopic techniques cannot be utilized, then patients may be candidates 
for more invasive open surgical procedures. These surgeries involve expansion of 
the stenotic area with or without a cartilage graft or resection of the stenotic region 
with tracheal reconstruction [2]. The details of these procedures are beyond the 
scope of this chapter.

Regardless of what operative approach is taken, very symptomatic patients may 
require a temporary Montgomery T-tube or tracheostomy as a bridge to more defini-
tive treatment. While minimally invasive, these options have the disadvantage of 
potentially increasing the extent of the tracheal narrowing and can predispose to 
bacterial colonization and infection. However, they are useful as a short-term treat-
ment prior to an intervention or for palliative purposes [6].

 L-7. What Are the Anesthetic Considerations for Rigid 
Bronchoscopy?

A rigid bronchoscope is a straight, hollow metal tube that can be inserted through 
the vocal cords in order to visualize the upper and central airway structures. It con-
sists of a cylindrical or oval tube through which a rigid or flexible optic device can 
pass, allowing direct observation of the airway. Many rigid scopes also have an 
oblique lateral entrance to allow for passage of instruments such as stents, dilation 
balloons, clips, and lasers. Therefore, rigid bronchoscopy is utilized for both diag-
nosis and treatment of airway masses and obstructions [10].

Rigid bronchoscopy is a very stimulating procedure and is most often performed 
under general anesthesia. The base of the bronchoscope contains a lateral side port, 
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which can be accessed to ventilate the patient during the procedure. This lateral arm 
is compatible with the breathing circuit of the anesthesia machine, an Ambu bag, or 
most portable Mapleson circuits [10] (Fig. 16.8). Constant communication between 
the bronchoscopist and anesthesia provider is essential to maintain consistent and 
safe ventilation throughout the procedure.

With rigid bronchoscopy under general anesthesia, a deep plane of anesthesia is 
necessary, and neuromuscular blockade makes for optimal operating conditions 
[12]. Most often, total intravenous (TIVA) techniques are employed because the 
airway is shared between the surgeon and anesthesia provider [12]. This can create 
a number of issues with the reliable delivery of inhaled anesthetic drugs. Further, 
there can be difficulty providing adequate ventilation and oxygenation during rigid 
bronchoscopy (Table 16.3) [10, 12].

For the reasons listed in Table 16.3, TIVA with propofol and a short-acting nar-
cotic is frequently utilized as the anesthetic of choice since it provides a reliable way 
to establish and maintain consistent anesthetic depth and analgesia [12]. Muscle 
relaxation is generally achieved with succinylcholine for very short procedures or 
with a moderate duration non-depolarizing muscle relaxant for longer cases 
(Fig. 16.8).

Grade 1
stenosis 0–50%

Grade 2
stenosis 51–70%

Grade 3
stenosis 71–99%

Grade 4
stenosis 100%

Fig. 16.7 Bronchoscopy 
images of Myer-Cotton 
grades. (Reprinted from 
Subglottic Stenosis [11]. 
Retrieved from http://
www.chop.edu/conditions-
diseases/subglottic-
stenosis. 17 Dec 2017. 
©2018 The Children’s 
Hospital of Philadelphia)
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 L-8. Describe the Neuromuscular Junction and the Role 
of Acetylcholine at the Nicotinic Junction

A neuromuscular junction is a synapse formed between a motor neuron and a skel-
etal muscle cell. As the presynaptic motor neuron approaches the synapse, it divides 
into terminal buttons that contain many small vesicles housing the neurotransmitter 
acetylcholine. The terminal endings align with the motor end plate of the muscle 
cell. Within the end plate are junctional folds, which serve to provide an abundance 
of surface area for densely packed nicotinic acetylcholine receptors and their asso-
ciated voltage-gated sodium channels [13] (Fig. 16.9).

Table 16.3 Ventilation and oxygenation concerns during rigid bronchoscopy

Problem Solution

Airway disconnects or interruptions in 
ability to ventilate (e.g., during balloon 
dilation)

Thorough preoxygenation prior to scope placement
Use 100% oxygen when able to ensure adequate 
reserve
Constant communication with surgeon to maximize 
ventilation while connected

Gas leaks around bronchoscope → 
inability to provide positive pressure 
ventilation

Ensure that the scope’s cap is securely in place
High fresh gas flows to keep anesthesia bag well 
inflated
Use oxygen flush button to rapidly achieve airway 
pressure
Saline-soaked gauze throat pack to close off airway 
from above, creating a closed system for positive 
pressure ventilation
Use jet ventilation if necessary

Suctioning during procedure decreases 
ability to maintain positive pressure for 
ventilation

High fresh gas flows to maintain circuit gas volume
Use oxygen flush button to rapidly achieve airway 
pressure
Close pop-off valve to maximize circuit pressures
Communicate with surgeon to stop suctioning if 
unable to ventilate for a prolonged time or if there 
is oxygen desaturation

End-tidal carbon dioxide tracings 
frequently interrupted by suctioning and 
airway disconnects

Pay attention to other signs of ventilation such  
as chest rise and fogging on the bronchoscope 
image
Auscultate lungs to ensure adequate air movement

Interruptions in ventilation and frequent 
use of oxygen flush make delivery of 
inhalational anesthetics unreliable and 
difficult to monitor

Total intravenous anesthetic technique

Use of cautery or lasers via bronchoscope 
poses a risk for airway fire

Communicate preoperatively with surgeon about 
fire risk
Use FiO2 of 30% or lower to minimize fire risk
If using jet ventilation, hook a second jet ventilator 
to the AIR outlet to maintain FiO2 < 30%
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When an action potential impulse arrives at the terminal end of a presynaptic 
motor neuron, the permeability to Ca2+ increases, resulting in an influx of calcium, 
which in turn triggers the release of acetylcholine from the vesicles within the ter-
minal buttons. Acetylcholine diffuses across the synaptic neuromuscular junction 

Eyepiece/camera/light source

Instrument port

To patient airway

To anesthesia machine
for ventilation

Fig. 16.8 Rigid 
bronchoscope

Axon

Myelin sheath

Synaptic vesicles
(containing ACh)

ACh receptors

Muscle

Neuron
Synaptic cleft

Fig. 16.9 Neuromuscular junction. (Reprinted from https://openi.nlm.nih.gov/detailedresult.
php?img=PMC3093673_2046-1682-4-5-1&req=4. with permission from Creative Commons 
License 2.0: https://creativecommons.org/licenses/by/2.0/)
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and binds to receptors on the junctional folds of the motor end plate of the muscle 
cell. This binding of acetylcholine produces a conformational change in a mem-
brane ion channel that causes a net influx of positively charged Na+ ions, resulting 
in depolarization of the postsynaptic muscle cell membrane. The depolarization, 
called the end-plate potential, subsequently generates action potentials on either 
side of the motor end plate which are conducted across the muscle fiber in both 
directions. The muscle action potential then initiates muscle contraction [13].

Under normal conditions, acetylcholine is rapidly metabolized by the enzyme 
acetylcholinesterase, which is abundant in the folds of the motor end plate, in close 
proximity to the site of neurotransmitter action [14]. The rapid hydrolytic break-
down of acetylcholine limits the duration of increased membrane sodium permea-
bility and results in repolarization of the muscle fiber to its baseline transmembrane 
potential. This in turn limits the duration of muscle contraction.

 L-9. What Is the Mechanism of Action of Succinylcholine?

Succinylcholine is the only clinically available depolarizing muscle relaxant. The 
drug is structurally similar to acetylcholine and binds to the nicotinic receptors on 
the motor end plate (Fig. 16.10).

Binding causes the opening of ion channels and widespread depolarization of 
muscle fibers with resultant action potentials and disorganized muscle contraction 
seen clinically as fasciculations. After this initial depolarization and muscle con-
traction, succinylcholine remains at the nicotinic receptor, preventing repolarization 
of the muscle cell membrane. The depolarized muscle fiber is unresponsive to sub-
sequent acetylcholine agonism, and a flaccid paralysis ensues until the succinylcho-
line diffuses away from the end plate into extracellular fluid [15] (Fig. 16.11).

For most patients, succinylcholine has a short duration of action. The majority of 
administered drug is rapidly broken down by pseudocholinesterase in the plasma 
before ever reaching the active site at the neuromuscular junction. As only a small 
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Fig. 16.10 Structural similarity of acetylcholine and succinylcholine. (Based on data from Ref. [14])
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 fraction of succinylcholine reaches the acetylcholine receptors, the limited (about 
8.5 min) duration of succinylcholine-induced muscle relaxation is due to a paucity of 
drug reaching the active sites [16]. Once succinylcholine has bound to an acetylcholine 
receptor and caused depolarization, its termination of action is dependent on diffusion 
away from the active site, as pseudocholinesterase is not present at the neuromuscular 
junction. Conditions that decrease the initial hydrolytic breakdown of succinylcholine 
result in an increased amount of drug reaching the neuromuscular junctions and a con-
sequently prolonged duration of flaccid paralysis following initial depolarization and 
fasciculation. Another cause of prolonged muscle  weakness following succinylcholine 

Fig. 16.11 Mechanism of action of acetylcholine and succinylcholine at the neuromuscular junc-
tion. (a) The neuromuscular junction prior to the binding of acetylcholine to the nicotinic receptor. 
Note that the sodium ion channel is closed. The muscle cell is in its native, polarized resting state. 
(b) When acetylcholine from the motor neuron binds the nicotinic receptor on the muscle cell, the 
sodium channel opens, and the muscle cell is depolarized, leading to contraction. Under normal 
conditions the acetylcholine is rapidly metabolized by acetylcholinesterase, permitting repolariza-
tion. (c) When bound by succinylcholine, the sodium channel opens, and the muscle cell is depo-
larized. However, the succinylcholine molecule stays bound, preventing repolarization until the 
drug diffuses away. It is during this “bound and blocked” period that succinylcholine causes flaccid 
muscle paralysis

a

Unreleased
acetylcholine

Motor
neuron

Unbound
acetylcholine

Nicotinic receptor

Muscle
cell membrane

Intracellular

Closed sodium channel

Extracellular

16 Pseudocholinesterase Deficiency in a Patient with Subglottic Stenosis



314

b

Unreleased
acetylcholine

Motor
neuron

Bound acetylcholine

Nicotinic receptor

Muscle
cell membrane

Intracellular

Open sodium channel
Normal depolarization
Rapid repolarization

Extracellular

Fig. 16.11 (continued)
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is the development of a phase II block, which typically follows administration of exces-
sively large (3–5 mg/kg) or repeated doses of the drug [15].

Note that the depolarizing blocker is representative of the action of succinylcho-
line. The ion channel is open but blocked until the drug diffuses away, preventing 
repolarization of the membrane for the duration of flaccid paralysis.

With the non-depolarizing blocker (e.g., rocuronium, vecuronium, cisatracu-
rium), the drug binds and blocks the nicotinic acetylcholine receptor, but the chan-
nel does not open. Thus there is no depolarization.

c
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Succinylcholine
molecules
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cell membrane

Intracellular

Sodium channel open, blocked
   - Depolarized
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Fig. 16.11 (continued)
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 L-10. Are There Any Side Effects or Contraindications 
to Succinylcholine?

Succinylcholine has a multitude of side effects, some of which are common and 
others that are potentially life threatening. It is also the only intravenous drug that is 
a trigger for malignant hyperthermia [8].

 Cardiac Side Effects

Succinylcholine is notorious for its ability to cause bradycardia. Given its structural 
similarity to acetylcholine, succinylcholine can act at postganglionic cardiac mus-
carinic receptors mimicking the effects of vagus nerve stimulation with resultant 
bradycardia, junctional rhythm, or even sinus arrest [15]. This is more likely with 
repeated dosing and can be prevented by pretreatment with an anticholinergic agent 
such as glycopyrrolate or atropine. Succinylcholine-associated bradycardia is par-
ticularly worrisome for pediatric patients, as cardiac output in neonates is heart rate 
dependent since they do not have the ability to increase stroke volume to sufficiently 
compensate for low pulse rates.

Conversely, succinylcholine can also act at autonomic nervous system sympa-
thetic ganglia, resulting in an increase in sympathetic outflow with resulting tachy-
cardia. This potential side effect can be troublesome in the patient with coronary 
artery disease or other heart conditions making tachycardia undesirable (e.g., aortic 
stenosis, diastolic heart failure).

 Hyperkalemia

Under normal conditions, neuromuscular acetylcholine receptors are concentrated 
at the motor end plates. When acetylcholine or succinylcholine binds the receptor, 
ion channels open, and there is a large influx of sodium Na+ into the muscle fiber 
causing depolarization. Concurrently, there is an efflux of potassium K+ out of the 
cell, transiently increasing plasma K+ concentration. In a healthy individual admin-
istered a standard intubating dose of succinylcholine, the plasma potassium con-
centration increases by about 0.5–1.0 mEq/l. The temporary elevation in plasma K+ 
concentration is non-problematic for the vast majority of healthy individuals, 
though practitioners should exercise caution in patients with pre-existing elevated 
potassium [15].

Clinically significant hyperkalemia following succinylcholine administration is 
a greater risk in patient populations that demonstrate exaggerated potassium release 
in response to drug administration. Medical conditions that result in denervation or 
prolonged loss of muscle excitation and contraction lead to a spread of extrajunc-
tional acetylcholine receptors along the entire muscle membrane (rather than just 
confined to the neuromuscular junctions). Despite a lack of clustered density of the 
extrajunctional acetylcholine receptors, the surface area of the muscle is so large 
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that there is a dramatic net increase in the total number of receptors, such that when 
succinylcholine is administered, many more acetylcholine receptors are bound with 
a resulting dramatic increase in extracellular (plasma) potassium levels.

Conditions associated with extrajunctional acetylcholine receptors and the 
potential for exaggerated potassium release with succinylcholine include upper 
motor neuron injury (spinal cord trauma, stroke), severe burns, prolonged immobi-
lization, muscular dystrophies, severe infection, direct muscle trauma, and disuse 
atrophy [15]. Due to the potential for clinically significant hyperkalemia in these 
patients, a careful history and physical is crucial to avoid administration of succinyl-
choline to anyone at risk for exaggerated potassium elevation.

 Myalgia

Postoperative muscle soreness is among the most common side effects of succinylcho-
line administration. It is thought to be a result of the unsynchronized skeletal muscle 
contractions that occur following succinylcholine receptor occupation before the onset 
of flaccid muscle paralysis. These fasciculations may cause muscle damage that 
manifests postoperatively as myalgia. Young, muscular patients seem to be at particular 
risk for postoperative muscle soreness following succinylcholine use [15].

 Malignant Hyperthermia

Succinylcholine is the only intravenous drug known to trigger malignant hyperther-
mia in genetically susceptible patients. A careful personal and family history regard-
ing anesthetic complications can help to identify patients potentially at risk for 
developing malignant hyperthermia upon exposure to succinylcholine or volatile 
anesthetic agents [17].

 Increased Intraocular Pressure

Succinylcholine causes an elevation in intraocular pressure. This is of theoretical 
concern for patients with an open globe injury, as an elevated ocular pressure could 
potentially extrude globe contents. However, there has been little to no clinical cor-
relation to support this potential complication [17].

 Increased Intracranial Pressure

Studies are conflicted as to the effects of succinylcholine on intracranial pressure in 
the setting of a brain tumor or emergent craniotomy for bleeding. Clinically, many 
practitioners still consider succinylcholine an acceptable neuromuscular blocker 
when rapid airway establishment is prioritized, such as in the setting of acute head 
trauma or a full stomach.
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 L–11. What Is the Difference Between a Phase I and Phase II 
Succinylcholine Block?

The typical block following administration of succinylcholine is called a phase I 
block. As mentioned above, succinylcholine binding to the acetylcholine receptors 
at the neuromuscular junction produces a depolarization event followed by a period 
of flaccid paralysis until the drug diffuses away from the active site [14]. With very 
high or repeated doses of succinylcholine, a patient may develop a phase II block. 
Prolonged exposure of the end plate to succinylcholine will result in desensitization 
to the depolarizing action of succinylcholine, as well as to the chemical transmitter 
acetylcholine. Therefore, the block will change from a depolarizing (phase I) block 
into a desensitized (phase II) block [14]. Phase II blocks tend to be much longer in 
duration and demonstrate different responses to neuromuscular twitch monitors.

Phase I blocks can be differentiated from a phase II block by using a twitch 
monitor. After administration of succinylcholine and initial fasciculation, there is a 
brief period of profound block density during which there may be no twitches upon 
train-of-four stimulation of the ulnar nerve. As succinylcholine molecules diffuse 
away from the neuromuscular junction, acetylcholine receptors begin to repolarize 
and regain sensitivity to native acetylcholine. This is the mechanism by which the 
flaccid paralytic block resolves. As the block resolves, patients will regain twitches 
upon train-of-four nerve stimulation.

A phase I depolarizing block with succinylcholine will demonstrate four EQUAL 
twitches with diminished twitch height compared with baseline twitch height [17]. 
This is in contrast to the train-of-four recovery pattern seen with non-depolarizing 
muscle relaxants and a succinylcholine-produced phase II block. In these situations, 
train-of-four stimulation will demonstrate fade from the first through fourth 
twitches, producing a TOF ratio less than 1 (the fourth twitch has a smaller ampli-
tude than the first) [17] (Fig. 16.12).

Phase I and phase II blocks also differ in the response to tetanic stimulation with 
a twitch monitor. When a patient has a depolarizing phase I block, tetanic nerve 
stimulation will produce a diminished but constant muscle response, without fade. 
Additionally, there is no post-tetanic potentiation of twitch height with a phase I 
depolarizing block. Phase II desensitizing blockades demonstrate fade with sus-
tained tetany as well as post-tetanic potentiation of twitch height [17]. In this 
respect, a phase II succinylcholine block demonstrates the same response to train of 
four as a non-depolarizing muscle relaxant.

Finally, phase I and II blocks differ in the response to reversal with neostigmine 
or other acetylcholinesterase inhibitors. Phase I blockade is noncompetitive and 
does not show resolution with neostigmine, whereas a phase II block will  demonstrate 
improved twitch amplitude and TOF ratio when the local concentration of acetyl-
choline is increased [17]. Despite the presence of a response to neostigmine, the 
pharmacologic reversal of a phase II succinylcholine block should be carried out 
with great caution as it may potentiate any residual phase I block.
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Train of four response for depolarizing 
muscle relaxant succinylcholine

Baseline TOF Decreased
amplitude

No fade
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Train of four response for non-
depolarizing muscle relaxants

Baseline TOF Fade with TOF
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TOF Ratio = 4th
twitch/1st twitch

Fig. 16.12 Train-of-four (TOF) response patterns of non-depolarizing muscle relaxants and suc-
cinylcholine. (Based on data from Ref. [17])
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 L-12. What Are the Characteristics of a Patient That Is Not 
Fully Recovered from Neuromuscular Blockade?

Patients not fully recovered from neuromuscular blockade will manifest objective 
findings with nerve stimulation (train-of-four and tetany with the twitch monitor). 
For patients with a succinylcholine-associated depolarizing block, TOF will demon-
strate four equal twitches whose amplitude is diminished from baseline [17]. In 
other words, they will have four equal, but weaker, twitches. In response to 5-s 
tetanic stimulation, there will be contraction with diminished amplitude from base-
line, but no fade.

The twitch monitor findings in depolarizing blockade differ from those in patients 
who are weak secondary to a non-depolarizing block or succinylcholine-induced 
phase II block. The latter group will demonstrate fade on TOF testing, where there 
is diminishing twitch amplitude from the first through fourth twitches. A TOF ratio 
(amplitude of fourth twitch/amplitude of first twitch) less than 0.9 is consistent with 
incomplete recovery from non-depolarizing neuromuscular blockade [18]. In 
response to tetanic stimulation, there will be amplitude fade within 5 s during nerve 
stimulation. A lack of fade with full 5-s tetanic stimulation is consistent with com-
plete recovery from blockade.

Both train-of-four and tetanic nerve monitoring can be problematic in that they 
are difficult to objectively measure and practitioners are often not very accurate in 
their ability to detect fade or small differences in twitch/contraction amplitudes. 
Nerve monitor findings should be correlated with other clinical criteria for adequate 
muscle strength. Unfortunately, most of these require patient cooperation and so are 
difficult to perform until the patient is fully awake. Clinical findings consistent with 
adequate recovery from neuromuscular blockade include eye opening to command, 
sustained 5-s head lift, strong grip strength, effective cough, vital capacity of at least 
15 ml/kg, generation of negative inspiratory force of at least 30 cm H2O, and coor-
dinated purposeful movement [19].

Patient inability to perform or demonstrate the above may be secondary to mus-
cular weakness in the setting of residual neuromuscular blockade. The weakened 
patient will often have “floppy,” uncoordinated extremity movements resembling a 
“fish out of water.” Extubated patients will report feeling weak and short of breath 
and may have diminished voice volume. If a patient is not fully recovered from 
neuromuscular blockade, it is important to intervene.

 L-13. What Is the Management of the Patient with Prolonged 
Neuromuscular Blockade?

The treatment of patients with residual weakness following muscle relaxants will 
vary based on the degree of weakness and patient comorbidities. The common goals 
of treatment across all situations are summarized in Table 16.4 [20].

L. Weinstein



321

As one can see, much of the management for the patient with residual neuromus-
cular blockade will be support of the airway and respiratory effort. For patients at 
elevated risk for aspiration (bowel surgery, GERD, full stomach pre-op, etc.), pro-
tecting the airway with an endotracheal tube is likely the best option, as reduced 
pharyngeal muscle strength and coordination is associated with a weakened gag 
reflex. If possible, such patients should be re-intubated without the administration 
of additional neuromuscular blocking drugs, as that would potentially prolong the 
time to complete recovery of baseline strength. Under these conditions it is impor-
tant to provide adequate sedation to prevent awareness and recall of the intubation 
and weakness. Patients should remain intubated and sedated in the operating room, 
PACU, or ICU until full resolution of neuromuscular blockade is evident.

When the patient with prolonged weakness does not have risk factors for aspira-
tion, endotracheal intubation may not be necessary to provide airway and ventila-
tory support. As long as airway obstruction is prevented and adequate minute 
ventilation is maintained, supraglottic airway support such as a laryngeal mask air-
way or BiPAP may be considered. In either case, ventilatory support should be set 
to achieve adequate tidal volumes (about 8 cc/kg ideal body weight) and minute 
ventilation (use end-tidal CO2, if available as a guide). As in the intubated patient, 
sedation should be used for prevention of recall and anxiolysis.

No matter how one chooses to manage the airway and provide respiratory sup-
port, patience is an important virtue when caring for the patient with residual neu-
romuscular blockade. It is crucial to wait for evidence of complete block resolution 
prior to removing support, as post-extubation weakness is associated with upper 
airway obstruction, reduced pharyngeal muscle coordination, hypoxemia, and 
hypercarbia [18].

Table 16.4 Treatment goals for the patient with residual muscle weakness

Treatment goal Intervention

Adequate minute ventilation
  Prevents hypercarbia and 

respiratory acidosis
  Enhances oxygenation

Ventilatory support
  Intubated/LMA → volume control, pressure control, or 

pressure support
  Non-intubated → BIPAP

Adequate oxygenation Ventilatory support
Supplemental oxygen
PEEP to decrease atelectasis

Prevention of airway obstruction Intubation/LMA
Oral of nasal airway if not intubated

Minimize aspiration in patients at 
risk
  Bowel obstruction
  Full stomach
  GERD

Endotracheal intubation

Provide sedation
  Avoid recall
  Decrease stress response

Intravenous sedation
  Propofol
  Benzodiazepines
  Dexmedetomidine
  Narcotics
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 L-14. Would a Reversal Agent Be Beneficial in This Case?

The case presented above is consistent with a prolonged phase I blockade secondary 
to a single dose of succinylcholine. Phase I blockade does not improve with admin-
istration of acetylcholinesterase (e.g., neostigmine, physostigmine). In fact, neostig-
mine can potentially prolong the effect of succinylcholine by exerting an inhibitory 
action on pseudocholinesterase [21].

 L-15. What Causes a Prolonged Neuromuscular Blockade 
to Succinylcholine? What Are Quantitative and Qualitative 
Pseudocholinesterase Deficiencies?

A prolonged effect of succinylcholine can be due to a defect in either the quantity or 
quality of the enzyme pseudocholinesterase [21]. Causes of decreased quantity of pseu-
docholinesterase are myriad, as illustrated by the accompanying chart (Table  16.3). 
Despite the many possible factors that can lower serum pseudocholinesterase levels, 
most of these patients will not demonstrate prolonged paralysis following succinylcho-
line. Quantitative enzyme deficits must be extreme (<20% normal level) before clini-
cally significant block prolongation occurs with succinylcholine. Keep in mind, however, 
that an acquired quantitative deficiency in combination with a mildly abnormal qualita-
tive deficiency may result in a prolonged response to succinylcholine (Table 16.5).

Qualitative defects of pseudocholinesterase refer not to the amount of enzyme in 
the plasma but to the ability of the enzyme to effectively metabolize succinylcholine 
and other drugs. In other words, there is sufficient amount of enzyme, but it is abnormal 
or atypical. Qualitative pseudocholinesterase deficiencies are inherited via mutations 
of the butyrylcholinesterase (BChE) gene located on the long arm of chromosome 3 
[22]. In addition to the normal, or wild-type, gene, there are over 60 named variants of 
the gene that vary in their effects on prolongation of succinylcholine block. Of these, 
four are most frequently encountered and discussed. These are atypical or dibucaine-
resistant, fluoride-resistant, silent, and K varieties [22]. See the accompanying chart for 
more information about these alleles (Table 16.8). Importantly, combinations of all the 
various alleles are possible, yielding differing clinical consequences (Table 16.6).

 L-16. Aside from Pseudocholinesterase Deficiency, Are There 
Any Drugs That Can Predispose to Prolonged Weakness 
Succinylcholine Administration?

Pharmacologic inhibition of normal pseudocholinesterase will result in more 
succinylcholine molecules reaching neuromuscular junction active sites and con-
sequently prolonged duration of paralysis. There are both noncompetitive and 
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Table 16.5 Causes of acquired quantitative pseudocholinesterase deficiency

Liver failure Synthesized by liver. 30–50% decrease with acute hepatitis, 50% 
decrease with cirrhosis. Little clinical relevance until end stage

Pregnancy Roughly 25% decrease during pregnancy, not usually clinically 
significant

HELLP syndrome ≈60% HELLP syndrome patients demonstrate below normal 
pseudocholinesterase activity, possibly due to liver damage from 
preeclampsia

Malnutrition Secondary to decreased hepatic production, usually concurrent with low 
albumin

Renal disease ≈60% renal failure patients have decreased pseudocholinesterase activity 
up to two standard deviations below normal. Values improve with 
transplantation

Malignancy Decreased activity related to site of primary lesion and degree of spread. 
Hepatic tumors have greatest reduction, followed by lung, GI, and 
genitourinary

Burns Reduction correlates with severity of burn, with up to 80% reduction 
5–6 days postburn. Little clinical significance since succinylcholine 
contraindicated in major burn injury patients due to hyperkalemia risk

Cardiopulmonary 
bypass

Reductions in enzyme activity of up to 37% with initiation of bypass. 
May be of limited significance due to length of cases

Oral contraceptives Activity decreased about 20%
Monoamine oxidase 
inhibitor

Case reports of prolonged paralysis after electroconvulsive therapy in 
patients treated with the MAO inhibitor phenelzine. Rarely used currently

Based on data from Refs. [22, 23]

Table 16.6 Pseudocholinesterase phenotype interpretation

Phenotype Frequency
Prolonged succinylcholine 
block Comments

U 96% No Normal, wild-type phenotype
UA 3% Variable, moderate 

prolongation
More susceptible with large dose + short 
surgery

A 1/3000 Yes, always
US 0.7% Variable, moderate 

prolongation
More susceptible with large dose + short 
surgery

S 1/40,000 Yes, always “U” with organophosphate poisoning will 
look same

AS 1/8000 Yes, always
FS Very rare Yes More susceptible with large dose + short 

surgery
AF Very rare Yes More susceptible with large dose + short 

surgery
UF Very rare Variable More susceptible with large dose + short 

surgery

Based on data from Ref. [24]
Key: U usual (normal), A atypical, S silent, F fluoride sensitive
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competitive cholinesterase inhibitors known to prolong the effect of succinyl-
choline secondary to their inhibitory effect on pseudocholinesterase.

Competitive cholinesterase inhibitors include edrophonium, pyridostigmine, 
neostigmine, and physostigmine. Pyridostigmine is commonly used in the pharma-
cologic treatment of patients with myasthenia gravis, so succinylcholine should be 
used with great caution, if at all, in that population. Neostigmine is very commonly 
used in modern anesthesia practice as a reversal agent for non-depolarizing com-
petitive muscle relaxants. Administration of succinylcholine following block rever-
sal with neostigmine may result in a prolonged block [25]. Noncompetitive 
cholinesterase inhibitors include organophosphate insecticides and echothiophate 
eye drops, which had been used to treat glaucoma [25].

There is a long list of drugs and electrolyte abnormalities that potentiate or pro-
long non-depolarizing neuromuscular blockade. Many have little to no effect on 
duration of succinylcholine-induced blockade (Table 16.7).

Table 16.7 Drug and electrolyte effects on neuromuscular blockade characteristics

Drug class/electrolyte/
vital issue

Depolarizing 
block effect

Non- 
depolarizing 
block effect Comment

Hypothermia Increased block Increased 
block
Prolonged 
duration

Dose in small increments when 
hypothermia present

Acute hypokalemia Little effect Increased 
sensitivity

Acutely decreased plasma K+ 
hyperpolarizes muscle cell 
membrane, making it resistant 
to depolarization by Ach

Plasma calcium Little effect Little effect Intracellular, not plasma, Ca2+ 
more important in muscle 
activation

High magnesium No effect on 
single dose 
duration
Diminishes 
fasciculations

Increased 
sensitivity
Prolonged 
duration

Causes weakness even in the 
absence of concurrent NMB 
administration. Titrate blockade 
with caution

Antibiotics 
(aminoglycosides, 
tetracycline, clindamycin, 
etc.)

Little effect Increased 
sensitivity
Prolonged 
duration

Beta blockers Little effect Prolonged 
duration

Calcium channel blockers Little effect Increased 
sensitivity
Prolonged 
duration

Local anesthetics Increased 
sensitivity

Increased 
sensitivity

Even normal doses of epidural 
local anesthetic can potentiate 
non-depolarizing neuromuscular 
blockers

Based on data from Ref. [25]
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 L-17. What Studies Are Available to Evaluate for the Presence 
of Pseudocholinesterase Deficiency?

When a patient demonstrates prolonged paralysis following a single, appropriate 
dose of succinylcholine, it is important to find out what factors led to the lengthened 
drug effect. Succinylcholine is a very commonly used muscle relaxant with anesthe-
sia, so the patient should be aware if they are at risk for an adverse drug effect so 
that they can advise future providers accordingly.

The patient in this case did not have any of the comorbidities associated with 
acquired pseudocholinesterase deficiency. Likewise, she did not present with elec-
trolyte abnormalities known to potentiate the action of depolarizing muscle relax-
ants. That leaves a qualitative, inherited pseudocholinesterase deficiency as a 
probable cause of the markedly prolonged duration of succinylcholine-produced 
paralysis in this instance.

The first step in the workup for inherent pseudocholinesterase deficiency is to 
send a biochemical assay testing for the amount of pseudocholinesterase activity in 
the plasma. The value range of normal enzyme activity (roughly 3000–7000 IU/L) 
will vary based on the lab facility running the test. In the above case, the patient’s 
pseudocholinesterase activity level was definitively low at 1245 IU/L, suggesting a 
lack of ability to effectively metabolize succinylcholine [23].

The pseudocholinesterase activity assay result is sufficient to prove that a patient 
is at risk for a prolonged weakness following administration of succinylcholine. 
However, to determine whether the deficiency is secondary to atypical dibucaine- 
resistant pseudocholinesterase or another mutation requires further testing.

The dibucaine inhibition test determines the presence or absence of atypical 
dibucaine-resistant pseudocholinesterase [23]. Dibucaine is an amide local 
anesthetic that inhibits the enzymatic activity of normal, fully functional pseu-
docholinesterase. When exposed to dibucaine, normal pseudocholinesterase 
activity is decreased by 80%. Thus, normal wild-type pseudocholinesterase has 
a dibucaine number of 80. Dibucaine does not inhibit atypical dibucaine-resis-
tant pseudocholinesterase to the same extent. A dibucaine number of 20 is found 
in individuals homozygous for dibucaine-resistant pseudocholinesterase (atypi-
cal enzyme is only inhibited 20% by dibucaine). Such patients are at high risk 
for prolonged paralysis with succinylcholine. Heterozygous patients have dibu-
caine numbers from 40 to 60 and are at variable risk for prolonged succinylcho-
line block [17].

In learning point L-15, several pseudocholinesterase mutations were men-
tioned (see Table 16.8). Some of the more common mutations shown in Table 16.8 
can be identified using pseudocholinesterase phenotype interpretation. The analy-
sis is based on total pseudocholinesterase activity and the dibucaine inhibition 
number [24]. Phenotypes that can be identified using this method are shown in 
Table 16.6.

16 Pseudocholinesterase Deficiency in a Patient with Subglottic Stenosis
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 L-18. How Should the Patient in This Case Be Counseled  
Going Forward?

As mentioned in L-16, it is important to communicate significant clinical and labo-
ratory findings to the patients so that they can advise future providers accordingly. 
In this case, the patient was contacted with the abnormal pseudocholinesterase 
activity results and advised to make a point of informing all future providers about 
the condition. With a low pseudocholinesterase activity level and the prolonged 
response to succinylcholine, it is known that the patient is at high risk for prolonged 
muscle weakness should she receive succinylcholine again. It was recommended to 
carry a note with her identification so that medical providers can be aware of the 
enzyme deficiency in the event of an emergency. However, a medical alert bracelet 
would be the best way to inform future providers of the condition since it is always 
readily visible on the patient’s body.

At this point the patient could seek further lab work, including a dibucaine num-
ber and pseudocholinesterase phenotype interpretation. The studies might help to 
elucidate the precise nature of an underlying mutation but would be unlikely to 
change the way anesthesiologists care for her in the future. With the data and history 
already available, providers should know to avoid succinylcholine.

Table 16.8 Genetic variants for abnormal pseudocholinesterase

Common genetic variants in pseudocholinesterase deficiency and effects on succinylcholine 
duration

Variant Frequency Activity
Sensitivity to 
succinylcholine

Estimated 
block 
duration

Wild-type 
NORMAL (U)

≈98% of population Normal enzyme Normal response ≈8–10 min

Atypical 
dibucaine 
resistant (A)

Homozygote: 
1/3000–1/10,000

Homozygote 
(AA): Decreased 
70%

Homozygote (AA): 
very sensitive

≥2 h

Heterozygote: Up to 
1/25

Heterozygote (UA): 
Occasional prolonged 
block

≈20 min

Fluoride 
resistant (F)

Homozygote: 
1/150,000

Decreased 60% Homozygote (FF): 
moderately sensitive

1–2 h

Heterozygous: More 
common but less 
clinical significance

Silent (S) Homozygous 
1/10,000–8/100,000

No enzyme 
activity

Homozygote (SS): 
extremely sensitive

3–4 h

Heterozygous: more 
common but less 
clinical significance

Kalow (K) Homozygous: 1/65 Decreased 30% Homozygotes (KK): 
mildly sensitive

<1 h

Based on data from Ref. [23]

L. Weinstein
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Chapter 17
Cesarean Section in a Heart Failure 
Patient with Previous Lumbosacral  
Spine Surgery

John J. Finneran IV, Thomas Archer, and Alyssa Brzenski

The patient is a 29-year-old, 69-kg female with a history significant for nonischemic 
cardiomyopathy (NICM) and surgical resection of a lumbosacral teratoma with sub-
sequent chemotherapy at age 18  months who presented for elective Cesarean 
section.

At age 28, the patient was diagnosed with NICM after undergoing an uncompli-
cated laparoscopic cholecystectomy. Approximately 2 weeks after the procedure, 
the patient presented to the emergency department complaining of a 20-pound 
weight gain and severe dyspnea. She was found to have an ejection fraction (EF) of 
10% on transthoracic echocardiogram (TTE). After treatment with spironolactone, 
carvedilol, and digoxin, the patient’s symptoms improved, and a repeat TTE showed 
improved EF to 45%.

Approximately 1 year later, the patient became pregnant. Two months into the 
pregnancy, she presented to the cardiology clinic for regular monitoring through 
delivery (L1, L2). The cardiologist recommended she continue carvedilol and 
restrict sodium intake to avoid fluid overload (L3, 4). The patient’s subsequent ante-
natal course was uncomplicated until she presented to her obstetrician at 35 weeks 
complaining of 3 days of progressively worsening dyspnea; at this time she was 
admitted to the hospital for further evaluation.

Significant findings from transthoracic echocardiogram performed on admission 
(see Fig. 17.1):

• Ejection fraction of 35%
• Severe pulmonary hypertension (pulmonary artery systolic pressure 61 mmHg)
• Severe mitral regurgitation
• Moderate tricuspid regurgitation
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Right heart catheterization showed (normal values [1]):

• Right atrial mean pressure: 15 mmHg (1–10 mmHg)
• Right ventricular pressure: 57/24 mmHg (15–30/0–8 mmHg)
• Pulmonary artery (PA) pressure: 59/35 mmHg (15–30/5–15 mmHg)
• Mean PA pressure: 46 mmHg (10–20 mmHg)
• Pulmonary capillary wedge pressure: 23 mmHg (5–15 mmHg)
• Thermodilution cardiac index: 1.5 L per min/m2 (2.8–4.2 L per min/m2)
• Pulmonary vascular resistance: 736 dyne*s/cm5 (150–250 dyne*s/cm5)

A central line and pulmonary artery catheter were left in place after the right 
heart catheterization. The patient was started on a nitroglycerine infusion by the 
cardiology consultant and diuresed several liters with furosemide three times daily. 
The cardiologist’s recommendation was to proceed with vaginal delivery and epi-
dural analgesia if possible (L5). However, the obstetrician felt the patient was not a 
candidate for vaginal delivery and would require a scheduled Cesarean section due 
to small maternal habitus (height 1.499 meters (m), weight 69 kilograms (kg), body 

Fig. 17.1 Transthoracic echocardiographic images on admission showing left ventricular end- 
systolic volume (left upper), left ventricular end-diastolic volume (right upper), mitral regurgita-
tion as Doppler flow from left ventricle to left atrium (left lower), and tricuspid regurgitation as 
Doppler flow from right ventricle to right atrium (right lower)

J. J. Finneran IV et al.
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mass index 30.71 kg/m2), large fetal size, unfavorable cervix, and intermittent late 
decelerations of the fetal heart rate even in the absence of labor (L6).

On the morning of surgery, the patient was brought to the operating room with a 
nitroglycerine infusion running at 15 micrograms (mcg)/min (L7). A combined spi-
nal/epidural (CSE) anesthetic was planned as the primary anesthetic using a 
narcotic- only spinal (L8) combined with a continuous epidural slowly titrated with 
local anesthetic drug, using slow dosing to allow the sympathectomy to develop 
gradually. Ultrasound guidance was employed to facilitate epidural placement (L9) 
due to the fact that the patient had a midline surgical scar extending from the sacrum 
to the high lumbar region. Ultrasound examination revealed that the patient had 
undergone laminectomies from L2 to L5 as part of the sacral tumor resection she 
underwent at 18 months of age (Fig. 17.2). Given the possibility of poor spread of 
local anesthetic in the epidural space due to scarring from previous laminectomies 
(L10), it was decided to proceed with epidural placement but to very carefully test 
the patient’s block prior to surgery. If the block was found to be incomplete, the plan 
was to remove the epidural and proceed with a slowly dosed continuous spinal anes-
thetic. A continuous spinal was avoided as the initial plan in an attempt to reduce the 
risk of post-dural puncture headache, while a single injection spinal with local anes-
thetic was avoided to minimize hemodynamic changes.

A 20-gauge radial artery catheter was placed for tight blood pressure control dur-
ing the procedure; the patient positioned herself in sitting position for CSE place-
ment. A 17-gauge Tuohy needle was inserted at the level of the iliac crests to a depth 
of 2 cm based on ultrasound imaging (Fig. 17.3), which estimated the depth of the 
ligamentum flavum at 3 cm. Ultrasound guidance was particularly helpful in this 
instance as the patient had no spinal processes to use as landmarks for palpation of 
the midline and the underlying anatomy of the lumbar spine was unclear. Loss of 
resistance technique was utilized to locate the epidural space, which was found at a 
depth of 2.5 cm. A 25-gauge spinal needle was inserted through the Tuohy needle, 
and 25 mcg of fentanyl and 0.1 milligram (mg) morphine were injected into the 
intrathecal space. After removal of the spinal needle, an epidural catheter was easily 
threaded into the epidural space.

Fig. 17.2 Ultrasonic transverse (left) and parasagittal (right) images of a 29-year-old patient who 
underwent lumbar laminectomies as infant

17 Cesarean Section in a Heart Failure Patient with Previous Lumbosacral Spine…
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After a negative test dose of 1.5% lidocaine with 1:200,000 epinephrine, the 
catheter was dosed with 5 milliliters (mL) 2% lidocaine. The patient was found to 
have a dense block with this dose at approximately a T10 level. The block was 
therefore supplemented with an additional 7 mL of 2% lidocaine in divided doses. 
This resulted in a dense T4 block; however the patient’s mean arterial pressure 
(MAP) decreased from approximately 90 mmHg prior to the block to 55 mmHg 
after the block (Fig. 17.4). Ephedrine was chosen for blood pressure support given 
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Fig. 17.3 Heart rate recorded from EKG, mean arterial pressure (MAP) from radial arterial line, 
mean pulmonary arterial pressure (PAP) from PA catheter, cardiac output and systemic vascular 
resistance (SVR) based on electrical cardiometry (L11, L12). Times of combined spinal/epidural 
(CSE) block administration and delivery with oxytocin infusion denoted by vertical lines

J. J. Finneran IV et al.



335

its sympathomimetic effects. The patient’s MAP subsequently recovered and inci-
sion was made with the patient experiencing no discomfort.

The patient remained comfortable through delivery, which occurred 11 min after 
incision. After delivery, oxytocin infusion was started to support uterine tone, and 
nitroglycerine infusion was discontinued to facilitate hemostasis and prevent exces-
sive vasodilation in combination with oxytocin infusion (L13).

Over the first 2 postoperative days, the patient’s pulmonary capillary wedge pres-
sure (PCWP) progressively increased. She responded well to diuresis and augmen-
tation of cardiac function with milrinone. With diuresis and initiation of an ACE 
inhibitor, the patient was successfully weaned from milrinone and discharged on the 
fifth postoperative day. After discharge, the patient underwent cardiac MRI to fur-
ther evaluate cardiac function (Fig. 17.4). On follow-up 6 months later, both the 
patient and her baby were doing well. The patient had resumed her previous cardiac 
medication regimen and had no heart failure symptoms.

• Lesson 1: What are the cardiac changes that occur during normal pregnancy?

Cardiac changes begin soon after conception. These alterations are generally 
well tolerated in normal women; [2] however, they may have great significance in 
patients with pre-existing cardiac lesions (see Lesson 2) (Table 17.1).

• Lesson 2: Which cardiac conditions are most likely to causes problems during 
pregnancy? Which cardiac lesions are relatively well tolerated in pregnancy?

Regurgitant lesions and those lesions with left to right shunts tend to be well 
tolerated; while poorly tolerated lesions involve forward flow obstruction or right to 
left shunting [2] (Table 17.2).

• Lesson 3: What factors predict that a pregnant patient with a history of heart 
failure will decompensate during labor?

Fig. 17.4 Cardiac MRI during systole (right) and diastole (left) obtained 8 days postoperatively. 
Demonstrates right atrial (RA) enlargement, right ventricular (RV) enlargement, and hypertrophy 
and interventricular septal bowing indicating chronic pulmonary hypertension. A mild to moderate 
pericardial effusion is also noted

17 Cesarean Section in a Heart Failure Patient with Previous Lumbosacral Spine…
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The CARdiac disease in PREGnancy (CARPREG) risk score was published in 
2001 and can be used to predict severe adverse cardiac events during pregnancy 
(pulmonary edema, sustained symptomatic tachy- or bradyarrhythmia requiring 
treatment, stroke, cardiac arrest, or cardiac death). It is based on the presence or 
absence of four clinical factors (Table 17.3). Using this risk stratification score, each 

Table 17.1 Hemodynamic changes during normal pregnancy

Hemodynamic 
variable

↑ 
or 
↓ Physiologic explanation

Blood volume ↑ Increases beginning in the 6th week
Maximum volume, approximately 50% above prepregnancy values, is 
reached by 30–34 weeks of gestation
Plasma volume expansion is hormonally mediated, via the renin- 
angiotensin- aldosterone system

Hematocrit ↓ Red blood cell (RBC) mass increases by 20–40%
Plasma volume increases to a greater degree, resulting in a decrease in 
hematocrit
Normal hematocrit values during the first, second, and third trimesters 
are 31–41, 30–39, and 28–40, respectively [3]

Cardiac output ↑ Increase begins by 10th week of gestation
By the third trimester, has increased 40% above prepregnancy levels 
[4]
Increases to meet metabolic demands of pregnancy and labor and the 
increased uterine and placental blood flow associated with pregnancy 
and labor

Blood pressure ↓ Diastolic pressure decreases more than systolic pressure
This is related to the effect of progesterone on vascular tone

Table 17.2 Well-tolerated and poorly tolerated cardiac lesions during pregnancy

Well tolerated
(Regurgitant lesions/left to right shunts)

Poorly tolerated
(Obstructive lesions/right to left shunts)

Mitral and aortic insufficiency Mitral stenosis
Atrial and ventricular septal defects Aortic stenosis
Patent ductus arteriosus Coarctation of the aorta
Mitral prolapse Unrepaired tetralogy of Fallot
Hypertrophic obstructive cardiomyopathy Primary pulmonary hypertension

Table 17.3 CARdiac disease in PREGnancy (CARPREG) risk scoring system

Clinical factor Points

History of prior cardiac event (heart failure, transient ischemic attack, or stroke before 
pregnancy) or arrhythmia

1

Baseline NYHA class II or greater, or cyanosis 1
Left heart obstruction (mitral valve area <2 cm2, aortic valve area <1.5 cm2, or peak left 
ventricular outflow tract gradient >30 mm Hg by echocardiography)

1

Reduced systemic ventricular systolic function (ejection fraction <40%) 1

J. J. Finneran IV et al.
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of the risk factors is assigned one point. Severe cardiac event rates associated with 
0, 1, and more than 1 point were 5%, 25%, and 75%, respectively [5].

The recommendation from the CARPREG investigators is that any parturient 
with a risk score of 1 or greater be referred to receive her obstetric care at a regional 
medical center while parturients without these risk factors are safe to deliver at a 
community hospital. The patient in this scenario had a history of decompensated 
heart failure, was NYHA class I prior to pregnancy, had no history of outflow tract 
obstruction, and did have a reduced ejection fraction on echocardiography, giving 
her a CARPREG score of 2 and therefore a 75% risk of adverse cardiac event during 
pregnancy.

• Lesson 4: What commonly used cardiac drugs are contraindicated during 
pregnancy?

Most commonly used anesthetic agents and cardiac drugs are safe for use during 
pregnancy. Knowledge of which drugs are contraindicated in pregnancy is critical 
for providers caring for parturients with cardiac disease.

Angiotensin-converting enzyme (ACE) inhibitors such as captopril, enalapril, 
and lisinopril are commonly used agents in heart failure patients and have been 
shown to reduce mortality in patients with heart failure. However, very importantly, 
ACE inhibitors are absolutely contraindicated in pregnancy during the first, second, 
and third trimesters due to risk of ACE-inhibitor fetopathy, a constellation of con-
genital malformations that includes oligohydramnios, intrauterine growth retarda-
tion, hypocalvaria, renal dysplasia, anuria, renal failure, and death [6].

Warfarin is contraindicated in pregnancy due to concern for fetal warfarin syn-
drome, a collection of birth defects including nasal hypoplasia, narrowed nasal 
bridge, and scoliosis. Risk is highest in the first trimester, especially during organo-
genesis between the 3rd and 9th weeks.

• Lesson 5: What are the anesthetic options for delivery in patients with severe 
pulmonary hypertension? Which anesthetic options should be avoided?

The optimal mode of delivery and anesthetic choice for these patients remains 
controversial. If a vaginal delivery is attempted, some form of continuous neuraxial 
anesthesia is important. Alternatively, if the patient undergoes a Caesarian section, 
both neuraxial techniques and general anesthesia have been advocated. Table 17.4 
summarizes these options.

• Lesson 6: What are the implications of late fetal heart rate decelerations in the 
absence of labor?

Uterine contractions decrease perfusion of the placenta. Late decelerations of the 
fetal heart rate are an indication of inadequate placental perfusion. If the fetus is 
showing signs of inadequate oxygenation even in the absence of labor, the obstetri-
cians may judge that the fetus may not “tolerate labor”—that is, that the fetus might 
not tolerate the additional oxygen deprivation caused by uterine contractions.

• Lesson 7: What are the hemodynamic effects of nitroglycerine? Describe its 
mechanism of action.

17 Cesarean Section in a Heart Failure Patient with Previous Lumbosacral Spine…
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Nitroglycerine (NG) and other nitrates (isosorbide dinitrate and isosorbide 
mononitrate) are potent vasodilators acting on both the capacitance and resistance 
vessels via nitric oxide (NO). NO is produced by the vascular endothelium by 
metabolism of nitroglycerin and is a potent activator of the enzyme guanylyl cyclase, 
which produces cyclic GMP (cGMP). cGMP in turn activates the cGMP-dependent 
protein kinase, which phosphorylates and activates myosin light chain phosphatase 
in vascular smooth muscle cells. Activation of myosin light chain phosphatase 
results in relaxation of the vascular smooth muscle cells producing vasodilation.

The exact mechanism by which NG-mediated vasodilation improves cardiac 
symptoms has been debated [8]. The antianginal effects of NG are likely multifacto-
rial. Peripheral venous vasodilation reduces preload, LV chamber diameter, and LV 
wall tension and therefore cardiac work and myocardial oxygen consumption. 
Vasodilation in the systemic arterioles reduces systolic blood pressure and after-
load, also improving left ventricular wall tension and myocardial oxygen consump-
tion. NG also dilates the coronary arteries, improving oxygen delivery to the 
myocardium.

Table 17.4 Anesthetic options for vaginal delivery or Cesarean section (C-section) in patients 
with severe pulmonary hypertension

Anesthetic/
delivery option

Acceptable/
unacceptable Comments

Vaginal delivery 
with epidural

Acceptable Contraindicated if patient is a poor candidate for labor due to 
obstetric issues (i.e., small maternal habitus, large fetus, 
unfavorable cervix, intermittent late decelerations)

Delivery 
without 
neuraxial 
anesthesia

Unacceptable Painful labor is contraindicated due to the dramatic increases 
in blood pressure and cardiac output associated with labor 
pain

C-section with 
continuous 
lumbar epidural

Acceptable Block should be induced gradually to prevent excessive 
decrease in systemic vascular resistance (SVR)
Block must be carefully assessed for patchiness, as block 
failure with significant pain will result in catecholamine 
surge

C-section with 
continuous 
spinal

Acceptable Similar to continuous epidural, continuous spinal must be 
carefully titrated to prevent drop in SVR
May be advantageous compared to epidural due to denser 
and more reliable block

C-section under 
general 
anesthesia

Acceptable Some argue that any parturient with severe pulmonary 
hypertension requires general anesthesia with a cardiac-style 
induction [7]
However, concerns of general anesthesia include sympathetic 
stimulation during laryngoscopy and intubation, inferior 
postoperative pain control leading to catecholamine increase, 
aspiration risk, neonatal respiratory depression, and lack of 
mother/baby interaction in the immediate postpartum period 
[7]

Single injection 
spinal for 
C-section

Unacceptable Dramatic and poorly controllable reduction in SVR makes 
this a poor choice for Caesarean anesthesia

J. J. Finneran IV et al.
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In patients with heart failure, the beneficial effects of NG likely result from 
reduced preload, which improves pulmonary capillary wedge pressure, right ven-
tricular and right atrial pressures, and reduced afterload, which may improve for-
ward flow from the heart [8]. This obviously must be balanced against the potential 
decrease in myocardial perfusion pressure due to decreased diastolic pressure 
resulting from systemic arterial vasodilation.

• Lesson 8: How are the effects of spinal narcotics mediated? Why was intrathecal 
fentanyl dose chosen to augment the epidural block?

Neuraxially administered opioids redistribute to the spinal cord, epidural fat, 
CSF, and systemic circulation based on their site of placement (epidural or intrathe-
cal) and relative lipophilicity.

First, in the spinal cord, the analgesic effect of opioids is mediated directly by 
binding to opioid receptors in the substantia gelatinosa of the dorsal horn in the gray 
matter.

Second, drug that redistributes to the systemic circulation via venous uptake 
from epidural fat exerts systemic effects similar to intravenous dosing.

Third, some drug (particularly with more hydrophilic opioids) may reach the 
medulla and brain via rostral spread within the CSF, where a different subset of 
opioid receptors produces analgesia [9]. This rostral spread may cause delayed 
respiratory depression which in the case of morphine can persist up to 18–24 h after 
administration.

The combination of intrathecal or epidural narcotic with epidural local anesthet-
ics has been demonstrated to provide better analgesia to laboring women than either 
medication alone [10]. Additionally, it has been observed that subanalgesic concen-
trations of epidural local anesthetics may be rendered efficacious by the additional 
of intrathecal opiates [10]. Unlike epidural and intrathecal administration of local 
anesthetics, intrathecal administration of narcotics generally does not produce sig-
nificant hemodynamic perturbations [11].

• Lesson 9: Use of ultrasound guidance in neuraxial anesthesia.

The first reported use of ultrasound guidance to facilitate epidural catheter place-
ment was by Cork et al. in 1980 [12]. Ultrasound localization during placement of 
epidural catheters has been demonstrated to reduce both the number of puncture 
attempts and number of level attempts, reduce the incidence of side effects, and 
improve patient satisfaction [13].

Our method of ultrasound imaging utilizes transverse views of the spine using 
the same large curvilinear probe which the obstetricians use for their examinations. 
Transverse views are usually sufficient for block placement, but the parasagittal 
view can be used to confirm some of the information from the transverse view 
(exact interspace level and depth to ligamentum flavum) and is useful in its own 
right for performing paramedian blocks.

In the transverse view (Fig. 17.5, left), we slowly slide the probe cephalad and 
caudad while watching the ultrasound screen, in order to visualize the deeper struc-
tures, which appear when the probe is located above or below the spinous process 
and is oriented at the proper angle. These structures are the ligamentum flavum 
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(LF), posterior longitudinal ligament (PLL), transverse processes (TP), and facet 
joints (FJ). Optimally visualizing these structures yields a fairly accurate and useful 
estimation of the depth at which loss of resistance will be found (the depth of the 
LF) and the ideal angle of needle entry (the angle of the probe that produces the best 
image). Optimizing the brightness of the PLL demonstrates the best angle of entry 
for the needle since the angle at which the best view (greatest sound reflection) is 
obtained will likely be the best trajectory for the needle. It should be emphasized, 
however, that the final placement of the Tuohy needle in the epidural space is still 
achieved by the loss of resistance technique and that the measurements taken from 
the use of ultrasound should serve only as a guide.

In the parasagittal view (Fig. 17.5, right), the lamina and the gaps between adja-
cent lamina (representing our target interspace) can be confirmed. The parasagittal 
view is useful for confirming the cephalad-caudad level of needle insertion as well as 
providing an insertion point and insertion angle if a paramedian approach is desired.

• Lesson 10: What are the considerations regarding neuraxial anesthetic options in 
patients with previous lumbar spine surgery?

The primary concern for performing neuraxial anesthesia in patients with previ-
ous spinal surgery is scar tissue in the epidural space limiting spread of local anes-
thetic. There is evidence that attempting epidural anesthesia in these patients results 
in increased difficulty in placing the block and increased incidence of a “patchy 
block” [14]. Spinal anesthesia may be less problematic in these patients.

• Lesson 11: Electrical cardiometry to measure cardiac output (CO) and systemic 
vascular resistance (SVR).

Electrical cardiometry (EC) is a noninvasive mechanism for monitoring hemo-
dynamic variables. It is a more recent version of impedance cardiomyography that 
works by transmitting insensible, fixed amplitude, high-frequency alternating cur-
rent through two outer electrodes located on opposite sides of the thorax and then 
measuring the voltage change that occurs between two inner electrodes. Measurement 
of the voltage change allows calculation of impedance change across the thorax in 

Fig. 17.5 Ultrasonic transverse (left) and parasagittal (right) images of a normal lumbar spine in 
a 28-year-old healthy volunteer
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different stages of the cardiac cycle. The EC device interprets the thoracic imped-
ance changes in systolic blood acceleration and can use this data to calculate stroke 
volume, CO, and SVR [15].

• Lesson 12: Explain the hemodynamic changes that occur during the course of this 
anesthetic and surgery. Specifically, what are the effects of neuraxial block and 
delivery with oxytocin infusion on mean arterial pressure (MAP), systemic vascu-
lar resistance (SVR), pulmonary artery pressure (PAP), and cardiac output (CO)?

Both neuraxial block and delivery with oxytocin administration are accompanied 
by reductions in MAP, PAP and SVR. This is to be expected from the dilation of 
both capacitance veins and resistance arterioles that results from each of these inter-
ventions. Neuraxial block is associated with a decrease in CO (secondary to reduc-
tion in preload), whereas delivery and oxytocin administration are associated with 
an increase in CO (due to autotransfusion of blood from the vasoconstricted uterus 
and relief of aortocaval compression).

• Lesson 13: How should postpartum hemorrhage be treated in a patient with pul-
monary hypertension? What common cardiac drugs effect uterine tone?

The first-line medication for postpartum hemorrhage is oxytocin, and an intrave-
nous oxytocin infusion is routinely started immediately on delivery during Cesarean 
section. In parturients with heart disease, the cardiovascular effect of uterotonic 
agents must be considered. Simultaneously, one must consider the effects of cardiac 
drugs on the uterus.

In Fig. 17.3, we demonstrate that there is a dramatic reduction in systemic vas-
cular resistance (SVR) with administration of oxytocin. However, unlike the reduc-
tion in SVR seen with induction of the epidural block, there was no decrease in 
cardiac output after delivery. In fact, the CO increased. We suggest that this is 
related to augmentation of cardiac output by autotransfusion and the relief of aorto-
caval compression leading to an increased circulating volume, as well as the after-
load reducing effects of oxytocin.

At delivery, nitroglycerin was discontinued due to concern for uterine atony 
resulting in postpartum hemorrhage. NG has been used in obstetrics for uterine 
relaxation during obstetric emergencies. There is some evidence from laboratory 
animals that placental tissue is required for NG-induced uterine relaxation [16], 
which would suggest decreased concern for postpartum hemorrhage resulting from 
NG use for cardiac problems in the postpartum period after removal of the placenta. 
However, given that the effects of nitroglycerin on the postpartum uterus have not 
been studied in humans, we felt it was prudent to discontinue nitroglycerin after 
delivery. Table 17.5 summarizes drugs with effects on both uterine and vascular tone.

Table 17.5 Effects of 
oxytocin, methylergonovine, 
and nitroglycerine on uterine 
and vascular tone

Drug Uterine effect Effect on vascular tone

Oxytocin Contraction Reduced SVR
Methylergonovine Contraction Increased SVR
Nitroglycerin Relaxation Reduced SVR
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Chapter 18
Organization Promotes Safety:  
A Step Forward

Kimberly A. Pollock and Jonathan L. Benumof

 Case Description

This is a case of a 31-year-old gravida 1 para 0 female, 5′9″, 67 kg with a body mass 
index (BMI) of 22 with a gestational age of 39 weeks and 2 days who was admitted 
for a scheduled primary cesarean section (C-section) for breech presentation of a 
singleton pregnancy. The plan was to perform a spinal anesthetic block with light 
sedation for the C-section. The spinal dose was prepared with 1.6 cc of 0.75% bupi-
vacaine, 25 mcg of fentanyl, and 0.1 mg of morphine for a total volume of 2.2 cc. 
The spinal dose was injected into the tray reservoir and drawn up into a 3 cc syringe 
and capped with the pink-hubbed 18-gauge needle supplied in the kit. 3 cc of 1% 
lidocaine was drawn up into a second 3 cc syringe and capped with the blue-hubbed 
25-gauge needle also supplied in the kit. Neither syringe was labeled. The patient 
was seated on the operating room table and positioned appropriately.

The back was prepped with DuraPrep solution and draped with a sterile drape. 
Landmarks were identified by palpation. The blue-hubbed needle cap to the 1% 
lidocaine syringe was removed and 1 cc of the 1% lidocaine was then used to anes-
thetize the skin over the intended insertion site, leaving approximately 2 cc of 1% 
lidocaine left in the syringe. Both the removed blue-hubbed needle cap and the 
1% lidocaine syringe were placed back on the tray separately and not connected. 
The intrathecal space was accessed (with the aid of an introducer needle) with a 
25-gauge spinal needle with return of clear cerebrospinal fluid (CSF). The uncapped, 
unlabeled 3 cc syringe containing 2 cc of clear solution (1% lidocaine) was then 
 mistakenly administered into the intrathecal space. As the needle was removed from 
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the patient’s back, the error was realized (L1-L5). The entire spinal anesthetic pro-
cedure was repeated, and the intended spinal dose of 2.2 cc of bupivacaine/fentanyl/
morphine was administered into the intrathecal space. The patient was placed in the 
supine position. Heart rate decreased from 70 beats per minute to 50 beats per min-
ute. Blood pressure remained 115–120 mmHg/65–70 mmHg. Fetal heart rate was 
reassuring. There were no other signs that the intrathecal lidocaine solution, in addi-
tion to the bupivacaine solution, had spread to the high thoracic or cervical region, 
thereby compromising diaphragm function or respirations. The level of the spinal 
was tested with ice and found to be at approximately the T6 level. The surgical team 
was notified that the patient was ready to be prepped and draped. When the surgical 
site was tested using an Allis clamp, the patient indicated that she could feel mild, 
sharp pain. The patient was then placed in the Trendelenburg position, and after 
5 min, a surgical block was achieved. The intraoperative course was uneventful. 
Following the C-section, the inadvertent administration of intrathecal lidocaine was 
discussed with the patient. She was reassured that it was unlikely that there would 
be any long-term neurologic consequences related to this event.

 Lessons Learned

 L-1: What Is a Drug Error?

In order to address errors involving drug administration, some definitions must be 
established. According to the Australian Incident Monitoring Study (AIMS), the 
definition of a drug error is a failure to give the drug or dose of drug that was 
intended [1]. For the purpose of this chapter, we will focus on incorrect uninten-
tional drug administration instead of incorrect dose administration. There are four 
categories/types of drug errors (see Table 18.1). First, a syringe swap occurs when 
the correctly labeled, correct intended drug was drawn up but a correctly labeled, 
incorrect unintended drug in a different syringe was given to the patient. Second, a 
drug container swap occurs when an incorrect unintended drug is drawn up from an 
incorrect unintended drug container and the correct originally intended drug label 
is used; however and unfortunately use of the correct originally intended drug label 

Table 18.1 Four possible combinations of errors leading to incorrect drug administration

Syringe swap Labeling error
Giving a correctly labeled but wrong unintended drug Placing the wrong unintended label on a 

drug syringe
Drug container swap Colossal error
Drawing up the wrong unintended drug from the 
wrong drug container into a syringe and placing the 
intended drug label on it

Drawing up the wrong unintended drug 
into a syringe and also placing the wrong 
label on it
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ensures the practitioner will give the incorrect drug (thinking they are giving the 
correct drug). Third, a labeling error occurs when the correct intended drug is drawn 
up from the correct intended drug container; however, the incorrect label is placed 
on the syringe so the practitioner is destined to give the incorrect unintended drug 
for some given specific future problem/indication. A final possibility of error exists 
in which the incorrect unintended drug is drawn up into a syringe and the incorrect 
label is used. If this error occurs, you may want to consider quitting your day job. 
This would result in a confusing and colossal error.

Studies show that syringe swaps and drug container swaps are the most common 
cause of medication errors in anesthesia [1] and that syringes of the same size are 
most frequently involved in giving the wrong drug [2]. Furthermore these studies 
indicate that many drug errors occur after the drug has been correctly drawn up 
and labeled, indicating a need for workspace organization and a pre-administra-
tion check to assure the intended drug is being administered [2]. The main drugs 
involved in syringe swaps were opioids, neuromuscular blocking agents, reversal 
agents, benzodiazepines, vasopressors and local anesthetics [1].

 L-2: What Is the Incidence of Drug Errors?

According to the Australian Incident Monitoring Study (AIMS), approximately 50% 
of drug errors were due to syringe and drug preparation errors. Syringe swaps, drug 
container swaps, and labeling errors were the most common among these errors. 
Equipment misuse or malfunction, incorrect route of administration and commu-
nication error accounted for the remaining incidents of drug error reported [1]. A 
survey conducted in 2001, showed that one drug administration error was reported 
for every 133 anesthetics administered [3]. Over 10,000 anesthetics were reviewed 
and it was found that due to these errors, one patient was aware while under mus-
cle relaxation and two required prolonged ventilation [3]. Lesson 4a (Table 18.2) 
details many other outcome possibilities due to administering the incorrect drug 
that are known to occur. Although the safety of anesthetic techniques has signifi-
cantly improved over many decades, techniques for mixing drugs, filling syringes 
and administration to the patient have not significantly changed [1].

 L-3: What Are Major Factors Contributing to Drug Errors?

According to AIMS, the major factors contributing to syringe swaps or drug con-
tainer swaps are inattention, haste, errors in drug labeling procedure and distraction 
[1]. The majority of reported events occurred between the hours of 0800 and 1800, 
which is consistent with the time during which most anesthetics are carried out. 
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What was interesting is that over half of the errors occurred during emergency pro-
cedures, which is excessive given the lower relative rate with which these procedures 
occur. Probable causes for the increased errors during emergency cases include time 
pressure to proceed with the case, causing the anesthesiologist to potentially “cut 
corners” and not adhering to their usual routine [1]. Another potential cause of drug 
error is fatigue, as emergency cases generally proceed after normal hours of opera-
tion [1]. In either case, it can be argued that having a standardized way of filling 
syringes and organizing the location of those syringes within the anesthesia work-
space may help reduce these errors.

 L-4: Adverse Outcomes Related to a Disorganized Work Station

 The Incorrect Drug Is Given

The two most common causes of incorrect drug administration are drug container swap 
and syringe swap. Unfortunately, drug containers are not standardized. Drug manufac-
turers are constantly changing the shape, design, size, volume of container, and cap 
color of the vehicles in which they sell their products and these changes can lead to drug 
errors if the new design closely resembles the design of a different medication. Drug 
container shape, volume and color all contribute to selection of the correct medication 
(in addition to the actual drug label on the container); however, where these drug con-
tainers are located within the anesthesia drug tray also determines drug selection. The 
design and layout of the anesthesia drug tray and how the anesthesia machine tabletop 
workstation is organized can greatly affect correct drug selection and this consideration, 
“organization promotes safety,” will be discussed in the next section.

Table 18.2 The most 
common drugs given 
in error and effects on 
patients

Effect on patient

-    Respiratory depression
-    Bradycardia
-    Hypotension
-    Delayed emergence

-    Awareness under anesthesia 
-    Respiratory Failure

-    Inability to re-paralyze
-    Rigid musculature
-    Difficulty ventilating
-    Herniation of tissue 

-    Delayed emergence

-    Vasoconstriction
-    Hypertension
-    Tachycardia
-    Bradycardia

-    Delayed emergence
-    Seizures

Inadvertent drug

Opioids

Neuromuscular blocker

Reversal agent

Benzodiazepines

Vasopressors

Local anesthetics
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Syringe swaps used to be more common than drug container swaps; however 
in more recent studies, it seems that drug container swaps are now more common 
(perhaps due to the adoption of a color coded labeling system for syringes). The 
most common drugs involved in syringe swap are opioids, neuromuscular block-
ing agents, reversal agents, benzodiazepines, vasopressors, and local anesthetics 
(see Table 18.2) [1]. Consequences of unknowingly giving opioid include respira-
tory depression, bradycardia, hypotension, and delayed emergence. Cardiovascular 
effects of excess opioid are more pronounced in sicker patients (ASA III or IV) due 
to their lack of physiologic reserve due to depletion of catecholamines. Inadvertent 
administration of neuromuscular blocking agents could lead to awareness under 
anesthesia and paralysis of respiratory muscles; both of these complications are 
unforgivable in the field of anesthesia. Before the introduction of Suggamadex, acci-
dentally administering reversal agent in the middle of a case would lead to potential 
reversal of the neuromuscular blockade and inability to re-paralyze for some time. If 
this occurred during an open abdominal case, the anesthesiologist could encounter 
difficulty ventilating due to rigid abdominal wall musculature and an inability for 
the surgeons to close the wound adequately, resulting in potential for herniation of 
tissue through the wound. Administration of benzodiazepines when another agent 
was intended could lead to delayed emergence, especially in patients undergoing 
neurologic procedures. Unintentional delivery of vasopressors could lead to vaso-
constriction (and perhaps decreased oxygen delivery to vital organs), hypertension, 
tachycardia, or bradycardia. If these agents were administered to a patient with low 
intravascular volume or poor cardiac reserve, this could lead to end organ or limb 
ischemia. Finally, unintended administration of local anesthetics intravenously can 
cause delayed emergence and seizures (see Table 18.2).

 Cross-Contamination Between Patients

Another direct result of picking the wrong syringe is picking up an already used 
syringe from another patient; this sets up the possibility of cross-contamination 
and infection. In 1995, a survey of ASA members indicated that 39% of anes-
thesiologists reported reusing syringes from one patient to another and 36% 
reported using the same vasopressor syringes for different patients [4]. In the 
past 15 years, numerous publications have described iatrogenic hepatitis C virus 
(HCV) transmission unrelated to transfused blood products or transplantation 
procedures. Nearly all were due to unsafe therapeutic injection practices related 
to multidose vials (MDVs) and infusion bags contaminated by reinsertion of used 
needles/syringes, use of a single needle/syringe for intravenous (IV) medication 
administration to multiple patients, or use of a contaminated finger-stick glu-
cose measurement device on multiple patients [5]. A study was conducted using 
expired packed red blood cells attached to a basic IV tubing set and connected to 
a pressure transducer to allow continuous pressure monitoring within the tubing 
to mimic the backflow exerted by a human vein. At all sample times and at both 
injection ports on the basic tubing line, fluid in the distal portion of the extension 
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set tested positive for blood by reagent strips as well as spectrophotometric anal-
ysis. By cross-contamination with blood, the reuse of syringes from patient to 
patient increases the risk of transmission of infectious viral particles [6]. It should 
be noted that syringes and needles are intended for single use only and should be 
discarded thereafter. Furthermore, attention should be paid to vials marked single 
dose vs. multidose to avoid cross- contamination between patients. Finally, red 
caps should be sterilely placed on syringes when not in use since needles con-
tain a hollow bore and therefore have the potential for communication with the 
environment.

 Accidental Needlestick Injury (NSI) Among Anesthesiologists

Here is what we know about NSI in anesthesia personnel. A survey of over 2000 
ASA members determined the incidence of accidental NSI. In this study, 88% of 
respondents reported at least 1 accidental NSI in the past 10 years, 21% of NSI 
were from a needle used in a high-risk patient, and 4.5% were from a needle used 
in a known HIV-positive individual [4]. In another study, the most common devices 
involved in NSI to anesthesia personnel were examined, and it was found that the 
largest categories of devices causing contaminated percutaneous injuries were 
needles or syringes, intravenous or arterial catheter needle stylets, suture needles, 
and standard hollow-bore needles for secondary intravenous infusion. Most of 
these injuries occurred between steps of a multistep procedure and recapping [7]. 
Recapping needles is done very commonly and the authors think this is a common 
cause of NSI. It is likely that there are still other mechanisms of NSIs among anes-
thesiologists. Practicing routine organization of procedure trays (spinal, epidural/
regional, central line kits) and anesthesia machine tabletop workstations to avoid 
accidental NSI is imperative. One possible approach to standardizing arrangement 
of these trays will be discussed below.

 L-5: Organization Promotes Safety

 General Considerations

There are many steps to consider when examining the potential for drug errors to 
occur (see Fig. 18.1). First, the anesthesiologist must choose the correct drug con-
tainers from the anesthesia cart drug drawer (or Pyxis or anesthesia workroom/stor-
age space). These drug drawers are not organized in a way that is standardized from 
institution to institution or according to a rigorous drug tray wide logic; therefore, 
errors could occur if the location of the drug container within the anesthesia cart 
drug drawer has changed or differs from the institution in which the anesthesiolo-
gist had trained or was comfortable working in or according to some logic that is in 
the anesthesiologist’s mind. Second, the anesthesiologist must choose syringes to 
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draw up the drugs needed for a particular case. If the drug manufacturing company 
has recently changed the volume of drug that is distributed to an institution, this 
could create a possible error. For example, if an anesthesiologist is accustomed to 
succinylcholine coming in a 5 cc vial and now the manufacturing company is selling 
succinylcholine in 10 cc vials, the anesthesiologist could mistakenly draw up suc-
cinylcholine into a 10 cc syringe labeled with rocuronium leading to a “drug con-
tainer swap.” Third, the anesthesiologist must label the syringe with the appropriate 
label. This should be done after the drug has been drawn up and cross-referenced 
with the label on the drug container; however, if the anesthesiologist “pre-labels” 
the syringes prior to drawing up drugs, they could mistakenly draw up the incorrect 
unintended drug into a syringe with the correct intended drug label of the drug they 
had intended to draw up leading to a “labeling error.” Fourth, even if the anesthe-
siologist has chosen the correct drug containers, applied the correct labels after 
drawing up their drugs and cross-referenced these labels with the label on the drug 
container, a “syringe swap” is still very possible and is one of the most common 
drug errors to occur. The anesthesia machine tabletop workstation is a prime loca-
tion for a “syringe swap.” This last error likely results from lack of organization of 
drugs atop the anesthesia machine tabletop workstation. In the next few sections, 
we will address ways to circumvent the aforementioned issues leading to drug error, 
from the time the drug is removed from the anesthesia drug drawer until the drug is 
administered to the patient (see Fig. 18.1).

1

* Correct organization of
drug drawer

* Correct drug
container selection

* Correct drug
into syringe

* Correct drug
label on syringe

* Correct syringe selection from anesthesia
machine tabletop workstation

1 2 3

4

Fig. 18.1 Schematic of potential times of error from cart to patient. Numbers correspond to con-
siderations enumerated in the text
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 Drug Organization Within the Anesthesia Cart Drug Drawer and Syringe 
Size Selection

A survey of anesthesiologists and anesthesia assistants has identified incorrectly 
stocked drugs or drugs arranged in a confusing manner as one of the contributing 
factors to drug errors [8]. This was supported by a study that showed that one fifth of 
drug container swaps occurred because the cue to select the correct drug container 
was a storage location [2] that did not correspond with the expected location in the 
practitioner’s mind; therefore, with the incorrect unintended drug in hand, the likeli-
hood of detecting the incorrect unintended medication before it is administered was 
relatively low [2].

It would make sense then to develop a standardized way of organizing the anes-
thesia cart drug drawer in manner that is logical and organizes drugs from left to 
right in order of category of use as well as places drugs that are potentially danger-
ous further out of reach. A schematic of the drug drawer currently in use at UCSD 
is depicted in Fig. 18.2. There are many noticeable problems with the way in which 
this drug drawer is arranged. First, the left front compartment, which is the easiest 
and most natural to access, contains a mixture of large propofol bottles, neuro-
muscular blockers (succinylcholine and rocuronium), as well as syringes of vaso-
pressors (phenylephrine). There is no sequence of use or commonality among drug 
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classes in this compartment. Second, moving from left to right, lidocaine is followed 
by the histamine receptor blockers (H2 blockers) and antiemetics. Although these 
drugs are fairly benign, it does not seem logical to have H2-blocking agents and 
antiemetics in the front row when they are generally either effective preoperatively 
(in the case of the histamine blockers) or toward the end of the case (antiemetics). 
Timing of the administration of these drugs should place them either in the front far 
left of the drawer (H2 blockers) or toward the back/right side of the drawer (anti-
emetics). Furthermore, these vials are all small and resemble each other. Although 
a drug container swap, syringe swap, or drug labeling error involving these drugs 
is not necessarily dangerous, it would be considered a drug error nonetheless and 
the therapeutic effect of the intended drug would be lost. The far right front corner 
of the drug drawer is empty and therefore is a waste of space, and behind it sits 
vecuronium, separate from the other neuromuscular blocking agents. Third, cefazo-
lin, a commonly used antibiotic with low potential for adverse reactions (but can 
still cause anaphylaxis [9]), is located near the back center of the drawer, bordered 
by atropine, induction agents, heparin/furosemide/NTG, and epinephrine ampoules. 
There is no reason why this medication should be near the back of the drug drawer 
given its frequency of use and there is no logic behind its position relative to the sur-
rounding drugs. Fourth, illogical location brings us to the heparin/furosemide/NTG 
combination compartment. Again, these drugs have no similarity in mechanism 
of action, and in fact, their vial sizes and shapes are relatively the same, creating 
increased potential for the occurrence of one of the four drug errors (see L-1). Fifth, 
Fig. 18.2 also contains a section largely dedicated to beta-blockers; however, this 
compartment also contains verapamil and nicardipine, two potent calcium channel 
blockers; mixing these two classes of drugs could be potentially harmful depend-
ing on the underlying cause of the patient’s hypertension. The authors agree with 
a compartment, located at the left back corner of the drawer, which appears to be 
designated for some “code drugs.”

Although there is no standard, “correct way” to organize a drug drawer, an attempt 
can be made to do so in a somewhat more logical fashion. We suggest a left- to-right 
approach, focusing on the order in which drugs are given during a basic general 
anesthetic and also grouping drugs according to drug class. A schematic of one pos-
sible way to organize the anesthesia cart drug drawer to optimize efficiency and limit 
error is displayed in Fig. 18.3. In this figure, you note that “pre-op” drugs includ-
ing histamine receptor blockers and albuterol are in the left front corner compart-
ment. Working from left to right, the drawer follows the same layout as the anesthesia 
machine tabletop workstation (see L-5e) with lidocaine in the next drawer, followed 
by the induction agents and neuromuscular blockers. The next row includes cefazolin 
followed by (going to the right of the cefazolin compartment) the most commonly 
used vasopressors, phenylephrine and ephedrine. Neostigmine and glycopyrrolate 
follow the vasopressors, and the antiemetics, ondansetron, and  metoclopramide are 
on the far right since these are generally given at the end of a case. The next row of 
drugs includes miscellaneous drugs not necessarily or strictly used for anesthesia pur-
poses. These include steroids, ketorolac, calcium, furosemide, and heparin. The last 
two rows on the right side of the drug tray are organized in a way that separates the 
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beta-blockers from calcium channel blockers/nitrate vasodilators. Rather than arrang-
ing these drugs in line, with one behind the other, these drugs are arranged in a man-
ner that would make it easy to see labels when placed on the drug tray dividers. The 
authors agreed with the code drugs being in the back left corner; however, the new 
design places potent vasopressors including epinephrine, vasopressin, and dopamine 
near these drugs as well as chronotropic agents atropine and glycopyrrolate also in the 
back, near the other vasoactive drugs. This new layout, arranged in order of use and 
grouped according to drug class with attention paid to more dangerous drugs being 
placed further toward the back of the drug drawer, should theoretically decrease the 
frequency of drug container swaps.

Standardization and careful organization of anesthesia cart drug drawers is one 
way to combat drug errors at the source (upon selection of the drug container); 
however, pre-filled syringes provided by drug companies are another approach to 
drug safety. The problem with pre-filled syringes are that they are expensive and 
can cost the hospital nearly seven times more money than having the anesthesia 
 providers mix up the drugs themselves. Use of pre-filled syringes does not eliminate 
the potential for syringe swaps.

Another way to combat incorrect syringe labeling is with a relatively new system, 
which uses a barcode reader that recognizes a drug vial and prints an appropriate 
label that complies with the recommendations of regulatory agencies and standards.  
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administration during a general anesthetic as well as grouping drugs according to drug class. DXM 
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This saves time for the anesthesia provider and also ensures that the correct label is 
paired with the correct drug vial. These labels should be printed individually as each 
drug is drawn up; however, it is possible to print multiple labels in advance, which 
theoretically could still result in a labeling error and therefore drug error. Furthermore, 
this barcode labeling system does not eliminate the issue of syringe swap, which occurs 
when an incorrect drug is chosen from the anesthesia tabletop workstation. In theory, 
the syringe itself could be scanned prior to administration to the patient; however, this 
would be a cumbersome process that is not realistic given the timeliness needed for 
administration of certain drugs during a given anesthetic. A study of the codonics safe 
label system (SLS) showed that the drug labeling system resulted in >75% compliant 
syringe labels. The rate of scanning barcodes was 25% over 13 weeks but increased to 
58% over 8 weeks after introduction of a simple (coffee card) incentive [10].

Since syringe swaps frequently occur between syringes of equal size, it is impor-
tant to have a standardized method for choosing the appropriate syringe size for 
a given drug so as not to create confusion. One method for syringe selection will 
be discussed here (see Fig. 18.4a, b), but again, it should be noted that any system 
would do as long as the anesthesia provider practices it routinely. For a basic case 

Fig. 18.4 (a) Schematic of potential syringe sizes based on drug class. These syringes should be 
placed on the anesthesia machine tabletop workstation. Succinylcholine should be left in the anes-
thesia cart drug drawer unless it is to be used on the patient. All syringes, after having the appropri-
ate drug drawn up in them, should then have the correct drug label put on them (see ] on syringes) 
inscribed with the provider’s initials and the date and time of drawing up the drugs. MRN medical 
record number. (b) Schematic of potential syringe sizes based on drug class. These syringes should 
be drawn up and placed on the anesthesia cart workstation near the time of use

a
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of general anesthesia, benzodiazepines may be drawn up into a 3 cc syringe and 
opioids may be drawn up into a 5 cc syringe. A patient label should be affixed to the 
benzodiazepine and opioid syringes so that if not all of the drug is given, the waste 
will not accidentally be administered to another patient. Two percent lidocaine gen-
erally comes in 5 cc vials and therefore can be drawn up into a 5 cc syringe. No 
patient label should be affixed in order to set it apart from the opioid syringe, which 
is also 5 cc. Induction agents should be drawn up into a 20 cc syringe. Propofol is 
very unlikely to be involved in a syringe swap given its white color; however, ket-
amine and etomidate are clear and thus should be distinguished from other drugs 
based not only on their label color but also their 20 cc syringe size. Neuromuscular 
blocking agents are frequently involved in syringe swaps so it is advised that suc-
cinylcholine be drawn up into a 5 cc syringe while nondepolarizers be drawn up 
into 10 cc syringes to set these agents apart. Keeping succinylcholine in the anes-
thesia cart drug drawer further reduces the risk of accidentally selecting this syringe 
by accident. Antibiotics may be drawn up into a 10 cc syringe and appropriately 
labeled. Allergies should be double-checked prior to administration and the syringe 
discarded after use. Vasopressors (phenylephrine and ephedrine) are typically 
drawn up into 10 cc syringes; however, their location on the anesthesia machine 
workspace (to the far right) (see L-5d) should reduce the risk of a syringe swap with 
these drugs and the other 10 cc syringes containing neuromuscular blocking agent 
and antibiotics. Since it is known that some of the most common drugs involved 
in “syringe swaps” are vasopressors and neuromuscular blockers, it is reasonable 
to suggest that the vasopressor syringe have an additional label/cue on the plunger 

bFig. 18.4 (continued)
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(see L-5e and Fig. 18.4a). Finally, reversal agents, anticholinergics, and antiemet-
ics should not be drawn up until near the time of use. Illustrations of these different 
syringe sizes are displayed in Fig. 18.4a, b.

 Drug Labeling and Color-Coding of the Drug Label

Proper labeling technique involves selecting the correct drug container, drawing up 
the appropriate amount of drug into a given syringe, and labeling the syringe with 
the appropriate label, while cross-referencing the drug container to assure the drugs 
match. A drug label should then be inscribed with the anesthesia provider’s initials 
as well as the date and time at which the drug was drawn up. For many years, anes-
thesia providers have used color-coded labels, which were designed by the American 
Society for Testing and Materials [11]. These colors are used to differentiate drugs of 
different drug classes (see Fig. 18.5). For example, orange labels are used to identify 
benzodiazepines; blue labels are used for opioids; gray for local anesthetics; yellow 
for induction agents; red for neuromuscular blockers; purple for vasopressors; purple 
and black for epinephrine; lavender and white stripes for vasodilators (though not 
available everywhere); red and white stripes for reversal agent; and green for anti-
cholinergics (see Fig. 18.5). While Hirabayashi et al. showed that the use of colored 
syringes can prevent syringe swaps during anesthesia [12], Fasting et al. showed that 
syringe swaps occurred most often between syringes of equal size and were not elim-
inated by color-coding of labels [13]. Although there is mixed evidence regarding 
whether or not a color-coding system reduces drug errors, it does seem logical that a 
syringe swap occurring between drugs of the same class (and therefore same colored 
label) would be less detrimental than a syringe swap occurring between syringes 
containing drugs from different classes. An easy-to-do obviously/likely effective 
way to promote safety in drug administration lies in the organization and geography 
of the location of syringes atop the anesthesia machine tabletop workstation. An 
example of a standardized order of syringe layout is discussed in the next section.

Fig. 18.5 Figure 18.1 depicts 
the color-coding labeling 
system established by the 
American Society for  
Testing and Materials.  
Epi epinephrine
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 The Geography of Location: Syringe Organization Atop the Anesthesia 
Machine Tabletop Workstation

The geography of location of syringes involves the arrangement of the syringes 
atop the anesthesia machine tabletop workstation. A proposed mechanism of orga-
nization is outlined here; however, it is important to remember that any pattern of 
organization will work, as long as the anesthesia provider always organizes his/
her workplace in the same way. If syringes are physically located and separated 
based on drug class and/or intended use, it seems likely that the incidence of syringe 
swaps would decrease. This becomes even more important in high-stress, emer-
gency situations when organization is oftentimes lost.

A left to right organization technique that mirrors the temporal sequence in 
which anesthetics are administered and also separates syringes based on drug class 
is a logical way to organize anesthetic drugs (see Fig. 18.6a, b). On the left side of 
the workstation, the first section or grouping of drugs are those that cause some 
aspect of intravenous anesthesia. These include the benzodiazepines (if not given 
in the preoperative area) and opioids. Working left to right, the next medication 
according to order of administration would be lidocaine to minimize the burning of 
the induction agent. The induction agent(s) would lie next in the lineup to the right 
of the local anesthetic. The next section to the right of the intravenous anesthetics 
 contains drugs involved in causing neuromuscular blockade. It should be noted that, 
due to the few but very serious adverse effects associated with succinylcholine, this 
drug should be kept in the top drawer of the anesthesia cart drug drawer if not being 
used for the particular case, so as not to accidentally administer it when contrain-
dicated. To the right of the neuromuscular blocking drug section is the antibiotic 
syringe which should be given after induction, prior to incision, and the syringe then 
discarded. To the right of the antibiotics (still in the left to right scheme) are vasoac-
tive drugs (see Fig. 18.6a, b). Vasoactive drugs may be further divided as follows: 
Vasopressors, vasodilators, and drugs with primarily chronotropic effects. To the 
far right are miscellaneous drugs commonly used for non-anesthetic reasons (e.g., 
mannitol, furosemide). Finally, neuromuscular blocking and reversal agents, anti-
cholinergics, and antiemetics should not be drawn up until near the time of use. It 
is recommended that the reversal agent and the anticholinergic be drawn up into the 
same syringe because in the rare instance of the patient receiving the reversal agent 
alone, while the IV simultaneously becomes infiltrated or pulled out, the patient 
would develop a profound bradycardia or asystole and no IV would be in place. If 
the anticholinergic agent is mixed with the reversal agent, the risk of profound bra-
dycardia is much lower. Antiemetics work best when administered within 30 min of 
emergence from anesthesia and therefore should also be drawn up near to the time 
of use (the end of the case). Once drawn up, these drugs should be placed atop the 
anesthesia cart (anesthesia cart workstation), separate from the anesthesia machine 
tabletop workstation, to decrease the possibility of premature intraoperative admin-
istration (see Fig. 18.7a, b). Figures 18.6a, b and 18.7a, b constitute the author’s 
general setup for a basic anesthetic case. If your case involves the drawing up of 
more  powerful vasoactive drugs (i.e., vasopressin, epinephrine, dilute nitroprusside 
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Fig. 18.6 (a) Schematic of the anesthesia machine tabletop workstation with drugs organized left 
to right based on order of use and drug class. NMB neuromuscular blockers, ABX antibiotics, VPS 
vasopressors. (b) Photograph of anesthesia machine tabletop workstation with drugs organized left 
to right. NMB neuromuscular blockers, ABX antibiotics

a

b
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Fig. 18.7 (a) Schematic of anesthesia cart workstation with reversal agent and anticholinergic 
drug (drawn up near the time of use) placed in a separate location from the anesthesia machine 
tabletop workstation. (b) Photographs of the anesthesia cart workstation with reversal agent and 
anticholinergic drug (drawn up near the time of use) placed in a separate location from the anes-
thesia machine tabletop workstation. (Note this was before the introduction of Suggamadex)

a

b
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or nitroglycerine), these drugs should be drawn up, correctly labeled, and placed 
on the anesthesia machine tabletop workstation above the location of your routine 
syringes, so not to select them by accident. This more complex setup is displayed 
in Fig. 18.8a, b.

Fig. 18.8 (a) Schematic of vasoactive drugs (vasopressors and vasodilators) above the anesthesia 
machine workstation, separate from the basic setup. NTG nitroglycerine, Nipride nitroprusside. 
(b) Photograph of potent vasoactive drugs (vasopressors and vasodilators) above the anesthesia 
machine workstation, separate from the basic setup

a

b
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With an organized anesthesia cart drug drawer, proper labeling technique, and 
a system for organization of drug syringes atop the anesthesia machine tabletop 
workstation and anesthesia cart workstation, the rate of administration of incorrect 
unintentional drugs should be significantly reduced.

 How to Prevent Unintentional Drug Delivery to a Patient: One More Step

There is one more step before the drug is actually administered to the patient, and 
that is depression of the plunger on the syringe. We would recommend one more 
mechanism for again identifying and confirming that the correct intentional drug 
is being given by placing the label of vasoactive drugs on the plunger as one more 
visual cue of what you are administering (see Fig. 18.9).

 How to Organize the Central Venous Catheter (CVC) Tray

It is estimated that 90% of catheter-related bloodstream infections (CRBSIs) 
result from CVC insertion procedures [14]. The Center for Disease Control 
(CDC) estimates the incidence of these bloodstream infections to be approxi-
mately 248,000 per year in US hospitals [14]. Hand hygiene plays an important 
role in prevention of CRBSIs; therefore, it is important to realize that appropriate 
setup of the CVC tray prior to catheter insertion is a crucial step in preventing 

Fig. 18.9 Photograph of vasoactive drug label on plunger end. Nipride nitroprusside,  
Vaso vasopressin
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breaches in sterility. Furthermore, it can be argued that proper organization of the 
CVC tray in a way that decreases unnecessary hand movements and manipula-
tion of needles and syringes on the tray will lead to a decrease in incidence of 
NSI to hospital personnel as well as syringe swaps. A photograph demonstrating 
the way that the CVC tray comes packaged to the provider is demonstrated in 
Fig. 18.10a. Once the provider is properly sterilized, gowned, and gloved, they 
should clean the area of the catheter insertion site in an outward circular man-
ner with chlorhexidine and drape the patient appropriately. Next, the syringes, 
needles, spring-wire guide, scalpel, and 9 French (Fr.) catheter with tissue dilator 
placed through it and suture should be removed from the CVC tray and arranged 
in a left to right manner in order of use, with the needles facing away from the 
provider but within easy reach on some additionally created sterile field using the 
sterile drape provided within the CVC tray (see Fig. 18.10b, c). Next, a desig-
nated receptacle should be used to receive patient blood, so as to not contaminate 
the instruments on the tray with slippery or potentially clotted/sticky blood, thus 
interfering with their ability to safely handle the instruments. Finally, a large 
receptacle for saline deposition should be designated within the tray that is eas-
ily accessible and does not require tilting or tipping of the CVC tray in order to 
adequately aspirate the fluid into a syringe. The CVC tray should also contain a 
disposable receptacle that will temporarily hold sharps in a safe manner so that 
they can be easily kept track of and discarded at the end of the procedure. An 
example of one way in which the CVC tray can be organized to promote safety 
is shown in Fig. 18.10a–c.

Fig. 18.10 (a) Photograph 
of the central venous 
catheter tray as it comes 
packaged to the 
anesthesiologist. (b) 
Photograph of the central 
venous catheter tray with 
equipment removed and 
organized on a sterile 
drape. (c) Schematic of the 
central venous catheter tray 
with syringes removed and 
organized on a sterile drape

a
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b

c

Fig. 18.10 (continued)

 How to Organize the Spinal and Epidural Trays

When performing a spinal or epidural, the trays should be arranged in a way that 
prevents syringe swaps and NSI to anesthesia personnel and also minimizes infec-
tion risk to the patient. Figures 18.11a and 18.12a show the spinal kit and epidural 
kit, respectively, as they come from the manufacturers. Each kit contains syringes 
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Fig. 18.11 (a) Photograph of the spinal tray as it comes packaged to the anesthesiologist. With extra 
sterile drape and povidone-iodine still present in the kit shown on the left and after removing these 
items from the kit shown on the right. Bupivacaine, 2 cc of 0.75% bupivacaine with 8.25% dextrose. 
Local, 5 cc of 1% lidocaine. (b) Photograph of the spinal tray with the 3 cc syringe provided in the 
kit containing the 1% lidocaine to be used for local infiltration. The 5 cc luer lock syringe (not pro-
vided in spinal kit) contains the spinal anesthetic and is placed on the sterile drape cover that has been 
opened up to create flaps to extend the sterile field. Spinal anesthetic, bupivacaine/fentanyl/morphine. 
(c) Schematic of the spinal tray with the 3 cc syringe provided in the kit containing the 1% lidocaine 
to be used for local infiltration. The 5 cc luer lock syringe (not provided in spinal kit) contains the 
spinal anesthetic and is placed on the sterile drape cover that has been opened up to create flaps to 
extend the sterile field. Spinal anesthetic=bupivacaine/fentanyl/morphine
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of various sizes as well as needles of varying gauges which creates the potential for 
the provider to pick up the wrong syringe and/or needle; therefore, a method for 
organization of these items, once removed from the tray, is imperative.

There are three principles to consider when organizing an epidural or spinal tray 
in order to minimize syringe swaps (see Table 18.1). First, syringes of different sizes 
should be chosen for each different solution (see Table 18.3, top row) that is to be 
administered to the patient. For the spinal kit, these two solutions are 1% lidocaine 
and the actual spinal anesthetic (bupivacaine/fentanyl/morphine) (see Fig. 18.11b, c; 
Table 18.3). For the epidural kit, the solutions requiring separation based on syringe 
size include 1% lidocaine, normal saline (NS), and the test dose (1.5%  lidocaine with 
1:200,000 epinephrine) (see Fig. 18.12b, c; Table 18.3). Figures 18.11b, c and 18.12b, c 
illustrate the use of different syringe sizes to distinguish the clear solutions mentioned 
above. When performing a spinal anesthetic, the provider may choose to open a sterile 
5 cc luer lock syringe (not provided in the spinal kit) onto the spinal tray at the start 
of the case. The luer lock provides a more secure connection when administering the 
spinal anesthetic than does the 5 cc luer-slip syringe provided in the kit and thereby 
reduces the risk of accidental spilling of spinal anesthetic out of the syringe before it 
reaches the patient. By using different syringe sizes for each different solution that is 
to be administered to the patient (whether the syringe is included in the kit or not), the 
risk of a syringe swap should be diminished (see Table 18.3, top row).

c

Fig. 18.11 (continued)
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Fig. 18.12 (a) Photograph of the epidural tray as it comes packaged to the anesthesiologist. With 
extra fenestrated patient drape and povidone-iodine still present in the kit shown on the left and 
after removing these items from the kit shown on the right. LOR loss of resistance; test dose, 5 cc 
of 1.5% lidocaine with 1:200,000 epinephrine; 1% lidocaine for local infiltration, NS 10  cc of 
normal saline. (b) Photograph of the epidural tray with excess materials discarded and syringes 
organized on the blue sterile drape that is placed on the bed below the clear plastic sheet used to 
drape the patient. 1% lidocaine for local infiltration; NS normal saline; test dose, 3 cc of 1.5% 
lidocaine with 1:200,000 epinephrine. (c) Schematic of the epidural tray with syringes organized 
on the blue sterile drape that is placed on the bed below the clear plastic sheet used to drape the 
patient. 1% lidocaine for local infiltration; NS normal saline; test dose, 3 cc of 1.5% lidocaine with 
1:200,000 epinephrine
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Table 18.3 Principles in avoiding syringe swaps

Ways to prevent syringe 
swaps Examples: spinal tray Examples: epidural tray

Differing syringe sizes 3 cc luer lock syringe for 1% 
lidocaine

3 cc luer lock syringe for 1% 
lidocaine

5 cc luer lock syringe for spinal 
anesthetic

5 cc luer lock glass LOR syringe 
for normal saline
20 cc luer lock syringe for test 
dose

Differing needle gauges 
and hub color

25G blue needle for 1% 
lidocaine syringe

25G blue needle for 1% lidocaine 
syringe

White filter needle for spinal 
anesthetic syringe

White filter straw for test dose 
syringe

Layout on the sterile field Left to right in order of use Left to right in order of use

1% lidocaine for local infiltration; spinal anesthetic, bupivacaine/fentanyl/morphine; LOR, loss of 
resistance; test dose, 1.5% lidocaine with 1:200,000 epinephrine

c

Fig. 18.12 (continued)

Second, attaching needles of differing gauges and colored hubs to each syringe 
will also help distinguish one clear solution from another and should be utilized 
appropriately (see Table 18.3, middle row) (see also Figs. 18.11b, c and 18.12b, c). 
For example, syringes containing local anesthetic to be used to anesthetize the 
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skin should contain a blue-hubbed 25 gauge needle, while syringes to be used to 
inject anesthetic into either the spinal or epidural space should contain a white 
filter needle or straw. Using different syringe sizes as well as needles with dif-
ferent gauges and hub color should decrease the risk of administering the wrong 
drug (see Table 18.3).

Third, an effort should be made to arrange syringes with attached needles and 
other instruments in a way that mirrors their order of use (see Table  18.3, bot-
tom row) (see also Figs. 18.11b, c and 18.12b, c). For a spinal procedure, the 3 cc 
syringe containing the 1% lidocaine for anesthetizing the skin and subcutaneous 
tissue should lie to the left of the 5  cc syringe containing the spinal anesthetic 
 (bupivacaine/fentanyl/morphine) (see Fig.  18.11b, c). Similarly, when perform-
ing an epidural, syringes and other instruments (epidural needle, epidural catheter) 
should be arranged on a sterile drape in a similar fashion, from left to right, in order 
of use (see Fig. 18.12a, b).

In order to prevent accidental needlesticks to anesthesia personnel, a designated 
area for temporary sharp placement MUST be established (see red outlined areas 
in Figs. 18.11a and 18.12a). This area should not be easily penetrable by needles or 
broken glass, should be on an area within the sterile field that is easy to reach, and 
should serve as a temporary place for all sharps until the procedure is completed, at 
which time this temporary sharps container should be placed into a large, permanent 
sharps bin.

Lastly, sterility and patient safety should always be of concern to the anes-
thesia provider. By extending the flaps of the spinal tray kit cover, the sterile 
field may be extended to make room for the 5 cc luer lock syringe containing 
the spinal anesthetic (see Fig. 18.11b). Furthermore, the extra drape provided in 
the epidural kit may serve as a large sterile field upon which the provider may 
organize their equipment (see left side of Fig.  18.12a). Having an organized, 
methodical way of drawing up drugs and arranging them in a way that avoids 
unnecessary hand movements should, in turn, decrease the likelihood of breach-
ing the sterile field and thus should decrease the potential for infection as well 
as improve efficiency.

In conclusion, a disorganized workspace introduces the potential for drug 
errors, accidental needlestick injuries, as well as contamination. These compli-
cations place the patient and the provider in danger. In order to establish a well-
organized and safe workspace, a systematic approach that addresses the potential 
for error at all stages is necessary. This chapter proposes a standardized way to 
organize drugs for a basic general anesthetic case, syringes and instruments for 
placing a CVC, as well as offers a unique approach for organizing the spinal and 
epidural trays in a way that should theoretically decrease these potential threats. It 
is important to note that any method of organization (as long as well thought out 
and practiced routinely) should achieve the same goals as the methods described 
in this chapter.

18 Organization Promotes Safety: A Step Forward
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Chapter 19
A Case of Peripartum Cardiomyopathy: 
Anesthetic Management of Patients 
on Mechanical Circulatory Support 
and Status Post Heart Transplantation

Martin Krause and Kimberly S. Robbins

 Case Description

A previously healthy 28-year-old woman had an uncomplicated pregnancy and nor-
mal spontaneous vaginal delivery of a healthy neonate. The patient noticed new 
onset of dyspnea and lower extremity edema a week following her delivery. Despite 
reassurance by her obstetrician, her symptoms progressively worsened to include 
paroxysmal nocturnal dyspnea, myalgia, fatigue, and rales on auscultation (L1). 
An urgent care physician diagnosed her with community- acquired pneumonia and 
treated her with prednisone and azithromycin. Her symptoms continued to worsen 
and she was admitted to an outside hospital for presumed severe sepsis. A trans-
esophageal echocardiogram (TEE) revealed global hypokinesis, moderate mitral 
regurgitation, and an ejection fraction of 15%. She was finally diagnosed with peri-
partum cardiomyopathy (PPCM) (L2, L3). Despite medical therapy, including mil-
rinone and furosemide, her symptoms continued to worsen. Two months after her 
delivery, the patient was transferred to a cardiac center for advanced heart failure 
therapy (L4).

The patient arrived awake and lucid. By nightfall, however, her mixed venous 
saturation (MVO2) had dropped from the 80s to the 30s despite aggressive diuresis 
and adjustment to her inotropic. A right heart catheterization found the patient in car-
diogenic shock with MVO2 at 28%. A percutaneous TandemHeart® left ventricular 
assist device (LVAD) was placed for temporary mechanical support and a dramatic 
improvement in her MVO2 was observed. Nevertheless, given her late diagnosis, 
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it was believed that her left ventricular (LV) function would not recover without 
a long-term LVAD. The following day she was taken to the operating room for 
HeartWare® continuous-flow LVAD implantation and was concurrently listed for 
a heart transplant (L5). An automatic implantable cardioverter defibrillator (AICD) 
was implanted to prevent sudden cardiac death and to treat potential dysrhythmias. 
Upon discharge from the hospital, her medical course was complicated by repeated 
LVAD driveline infections that required incision and drainage and antibiotic treat-
ment. Five months after her initial presentation, she received a heart transplant and 
has since done well (L6).

 Lesson 1: What Are the Physiologic Changes 
of the Cardiovascular System During Pregnancy and How 
Can These Changes Affect Cardiac Disease in Pregnancy?

An increase in blood volume and heart rate and a reduction in systemic vascular resis-
tance bring about the increase in cardiac output necessary to sustain pregnancy [1].

Blood volume begins to increase in week 6 of gestation, and by the end of preg-
nancy, it will have reached approximately 50% more than in the prepregnant state. 
During pregnancy, both ventricles dilate allowing for higher end-diastolic ventricu-
lar volume. There are also increases in the left atrial and right atrial diastolic dimen-
sions; however cardiac filling pressures remain normal. This eccentric hypertrophy 
leads to optimization of Frank-Starling dynamics and also to a preload-independent 
increase in contractility. These changes allow for stroke volume to increase by 25% 
by the end of the second trimester. By the end of the first trimester, the heart rate 
has also risen by 25% which results in an overall increase in cardiac output (CO) to 
50% by the end of the second trimester until term. Despite elevated CO, the mean 
arterial blood pressure remains stable due to decreased systemic vascular resistance 
(SVR). The reduction in SVR is a result of hormonal changes, the low- resistance 
vascular bed of the placental circuit, and dilutional anemia secondary to increased 
plasma volume. The resulting increase in blood volume further improves preload 
and therefore stroke volume [2] (Fig. 19.1).

CO can also dramatically decrease depending on the parturient’s position. The 
supine position results in compression of the inferior vena cava and consequent 
obstruction of venous return and decreased cardiac output. Not only is the infe-
rior vena cava compressed in the supine position, but the uterus may obstruct the 
abdominal aorta and the iliac arteries. This compression may be relieved by manual 
left uterine displacement (Fig. 19.2). Typically, aortocaval compression becomes 
a concern after 20 weeks of gestation, but may occur as early as 12–13 weeks of 
gestation [3].

During labor, CO further increases above term levels due to increased sym-
pathetic activity and autotransfusion of 500 mL of blood volume with each con-
traction. Immediately after delivery, this gain in extra blood volume becomes 
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permanent. In addition aortocaval compression is relieved leading to an overall 
increase in CO of 75% compared to prelabor values. Within the first 24  h, CO 
returns to its prelabor baseline. However it takes another 24 weeks until CO reaches 
nonpregnant values [4].

Management of heart failure in pregnant women carries many challenges. 
Symptoms of progressing heart failure such as dependent edema, dyspnea on exer-
tion, paroxysmal nocturnal dyspnea, and abdominal discomfort mimic symptoms 
commonly seen during normal pregnancy and may delay the diagnosis [5]. In addi-
tion, ACE inhibitors, angiotensin receptor blockers, and beta-blockers, all of which 
have been shown to improve outcome in heart failure patients, are either contraindi-
cated, or their use is controversial during pregnancy [6, 7]. Parturients with preex-
isting heart failure are more prone to decompensation secondary to the rise in CO 
and blood volume. It is also worthwhile to mention that valvular heart lesions have 
different responses to the physiologic changes of pregnancy. Due to the increase 
in heart rate and decrease in SVR, stenotic and any other lesions depending on 
diastolic filling worsen, while regurgitant lesions, which depend on forward flow, 
improve.

Fig. 19.1 Hemodynamic changes at term compared to nonpregnant values. CO cardiac output,  
HR heart rate, SV stroke volume, SVR systemic vascular resistance. (Based on data from Ref. [2])

a b

Right Patient side Left Right Patient side Left

Fig. 19.2 (a) Schematic of aortocaval compression; (b) schematic of left uterine displacement. In 
red, aorta; in blue, inferior vena cava; in gray, vertebra; in brown, uterus; in black, ramp
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 Lesson 2: How Is PPCM Distinct from Other Forms  
of Heart Failure?

In contrast to other forms of heart failure, PPCM is a form of dilated cardiomy-
opathy presenting with left ventricular systolic dysfunction toward the end of 
pregnancy or in the months following delivery, where no other cause for heart 
failure is found. PPCM is a diagnosis of exclusion and occurs in 1 out of 1149 
to 1 out of 4350 live births [8]. There are a myriad of hypotheses attempting to 
explain the pathophysiology of PPCM. Infection, both bacterial and viral, has 
been proposed as a mechanism. Additionally, inflammation may play a role in 
the development of PPCM, as serum markers of inflammation such as IL-6, 
CRP, IFN-gamma, and sFas/Apo-1 are elevated in patients with PPCM [9]. 
Autoimmune processes have been implicated as well, as high titers of auto-anti-
bodies against selected cardiac tissue proteins have been found in the majority 
of women with PPCM [10]. It is not clear, however, whether these findings are 
causal or secondary to cardiac damage. Some studies have postulated a genetic 
component to the disease [11, 12].

No clear modifiable risk factors associated with the development of PPCM 
have been identified. Several associated factors have been noted and may be cat-
egorized as general risk factors for cardiovascular disease (hypertension, diabetes, 
smoking) and pregnancy-related factors (extremes of childbearing age, multiparity, 
preeclampsia, use of tocolytics, and twin pregnancies) [13]. Certain ethnic groups 
display a higher incidence of PPCM, suggesting potential genetic or environmental 
factors. Identifying high-risk patients and understanding the pathophysiology of the 
disease may one day lead to early diagnoses and improved treatments.

While a little over half of PPCM patients show recovery of LV function, PPCM 
has a mortality range of 18–54% and can contribute up to 70% of deaths related to 
cardiomyopathy during pregnancy [14–16] (Fig. 19.3). Decisions about initiating 
invasive therapies in PPCM such as implantable cardioverter defibrillators and ven-
tricular assist devices can be quite difficult due to the unpredictable time course and 
incidence of ventricular recovery in this population.

 Lesson 3: What Is the Suggested Workup for PPCM?

As stated previously, PPCM is a diagnosis of exclusion and one should take steps 
to distinguish from other causes of heart failure, as well as noncardiac causes of the 
patient’s symptomatology. Workup parallels that of heart failure from other causes.

Electrocardiogram (ECG) should be performed in all patients with suspected 
PPCM, as 96% have baseline ECG abnormalities, the most common being T-wave 
changes (59%), p-wave abnormalities (29%), and QRS axis deviation (25%) [17].  
A chest X-ray is not necessary for diagnosis, but if one is obtained during preg-
nancy, fetal shielding should be used.
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B-type natriuretic peptide (BNP) is a neurohormone that is synthesized in ventricu-
lar myocardium and released into the circulation in response to ventricular dilatation 
and pressure overload. BNP is elevated in patients with congestive heart failure and 
increases in proportion to the degree of left ventricular dysfunction and the severity of 
symptoms of heart failure. It has been previously demonstrated that a single measure-

Fig. 19.3 (a) Etiology of dilated cardiomyopathy. (b) Relative mortality of cardiomyopathy dur-
ing pregnancy (%) (a, Based on data from Ref. [16]). (b, Based on data from Ref. [14]). PPCM  
peripartum cardiomyopathy, HIV human immunodeficiency virus. Adapted Table with kind per-
mission of Elsevier [24]
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ment of BNP, obtained in the first few days after the onset of ischemic symptoms, pro-
vides predictive information for use in risk stratification across the spectrum of acute 
coronary syndromes [18]. Patients with PPCM have increased BNP levels, which cor-
relate directly with outcome in PPCM patients [19] (Fig. 19.4).

Cardiac imaging is indicated for women presenting with heart failure symptoms 
toward the end of pregnancy/in the early postpartum period. This can both help 
establish a diagnosis and may provide prognostic information. Additionally, imag-
ing is used to screen for LV thrombus, particularly where LV systolic function is 
severely depressed [20]. A LVEF <30% predicts poor LV recovery as does a LV 
end-diastolic diameter >60 mm [21]. Echocardiography is the most widely used 
imaging modality; however cardiac MRI allows for a more accurate measurement 
of chamber volumes and ventricular function and also has a higher sensitivity for 
detection of LV thrombus than echocardiography [22, 23]. Follow-up imaging is 
conducted at regular intervals to assess for recovery of cardiac function. Invasive 
hemodynamic monitoring with a pulmonary artery (PA) catheter may be necessary 
to guide therapy in some patients (Fig. 19.5).

 Lesson 4: What Is the Management of Acute Decompensated 
Heart Failure and What Are the Special Considerations 
for PPCM?

Anesthesiologists may be confronted with patients in acute decompensated heart 
failure in the intensive care unit or perioperatively. Optimization of medical man-
agement is prudent before proceeding with elective cases, but sometimes the ben-
efit of an urgent or emergent procedure outweighs the perioperative risks of acute 
heart failure.  Patients with acute decompensated heart failure may present with 
signs of poor organ perfusion (“cold”), signs of vascular congestion (“wet”), or 
both (Table 19.1).

a b

Fig. 19.4 Transesophageal images of a patient with PPCM: (a) transgastric midpapillary short 
axis and (b) midesophageal long axis with color flow. Notable are the severely dilated spherical- 
shaped left ventricle with thin left ventricular wall and functional mitral regurgitation due to dila-
tion of mitral annulus
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Management of PPCM is similar to that of heart failure due to other causes. 
Mainstays of therapy include optimizing oxygenation and ventilation, preload 
reduction with diuretics and nitrates, vasodilator therapy for afterload reduction, 
and sometimes inotropic support. Long-term treatment includes beta-blockers, 
angiotensin-converting enzyme (ACE) inhibitors, anticoagulation, aldosterone 
antagonists, and treatment of other comorbidities such as obesity, hypertension, 
hyperlipidemia, and diabetes [24, 25].

The following restrictions to these therapies apply during pregnancy: ACE inhib-
itors and angiotensin II receptor blockers are contraindicated in pregnancy. These 
medications are associated with teratogenicity, oligohydramnios, renal agenesis, 
and fetal death. Spironolactone is thought to have antiandrogenic effects on the 

+

Parturient towards end of pregnancy
 or in the months following delivery

Exclusion of other etiologies for heart
failure

Signs and symptoms of heart failure
(similar to pregnancy related symptoms):

Dyspnea

Fatigue

Peripheral edema

Brain Natriuretic Peptide
Electrocardiogram

Transthoracic Echocardiography
Cardiac Magnetic Resonance Imaging

 

Diagnostic testing (avoid radiation):

+

+

Fig. 19.5 Diagnostic criteria and 
further workup of peripartum 
cardiomyopathy. Adapted Table with 
kind permission of Elsevier [24]

Table 19.1 Treatment options according to volume status and perfusion state

Congestion at rest
Orthopnea, pulmonary rales, S3 gallop, edema

Low perfusion at rest
Cool extremities, hypotension

No No Yes
“Warm and dry” “Warm and wet”
Optimized Diuresis

Yes “Cold and dry” “Cold and wet”
Inotropes Inotropes and diuresis
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fetus and should likewise be avoided. Other diuretics should be used sparingly as 
they can decrease placental blood flow. Beta- blockers can be used safely, however 
it is recommended that beta-1 selective agents be used because of the theoretical 
risk of uterine activity with beta-2 receptor blockade. Both beta-blockers and loop 
diuretics are risk category C [24].

Anticoagulation should be considered for all patients with PPCM and LVEF 
<35%. Additionally, women with known LV thrombus and possibly women with 
atrial fibrillation should be anticoagulated. Warfarin is risk category D and should 
be avoided during pregnancy. Unfractionated and low-molecular-weight heparins 
are risk category C and do not cross the placenta and are therefore safe for use dur-
ing pregnancy [24, 26] (Table 19.2).

In the acute setting, volume overload is suspected with pulmonary capil-
lary wedge pressures (PCWP) >18 mmHg and worsening oxygenation. If oxy-
genation is critical, positive pressure ventilation is indicated until medical 
treatment is optimized. Pharmacologic diuresis either with intermittent or con-
tinuous intravenous loop diuretics and supplementation with thiazides or aldo-
sterone antagonists should be initiated [27, 28]. If volume overload is resistant 
to pharmacologic diuresis, hemodialysis might be required. Ultrafiltration is the 
standard in the treatment of sodium-volume overload especially in the setting of 
decompensated heart failure. It is superior to loop diuretics in decreasing right 
atrial pressures and improving pulmonary function [28]. Patients with volume 
overload and low cardiac index (CI) due to hypertension profit from lowering 
afterload, which in turn leads to increased CI and reduced pulmonary conges-
tion. Since a decrease in afterload can affect coronary perfusion and oxygen 
delivery to an already compromised left or right ventricle, vasodilators such as 
nitroprusside, nitroglycerin, and  nesiritide are preferred over afterload-reducing 
inotropes such as milrinone and dobutamine as inotropy might increase oxygen 
consumption [29]. Dobutamine and milrinone, however, are synergistic drugs 
and excellent choices if a patient appears to be in cardiogenic shock suggested 
by a CI <2.2 l/min/m2 or MVO2 <75%.

Table 19.2 Pharmacologic treatment of heart failure and risk stratification during pregnancy. 
ACE: angiotensin-converting enzyme. Adapted Table with kind permission of Elsevier [24]

Drug
Risk stratification according to FDA 
pregnancy categories

Indication in patients with heart 
failure (55)

ACE inhibitors D NYHA I–IV
Angiotensin II 
blocker

D If ACE inhibitor not tolerated

Beta-blockers C NYHA I–IV
Loop diuretics C NYHA II–IV or volume 

overload
Spironolactone C NYHA II–IV or volume 

overload
Digoxin C Atrial fibrillation
Warfarin X Atrial fibrillation
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If a patient is dependent on inotropic therapy despite optimal medical therapy, 
implantation of a mechanical circulatory support device should be considered. 
Intra-aortic balloon pumps (IABP), venoarterial extracorporeal membrane oxygen-
ation (VA-ECMO), and extracorporeal and low flow percutaneous LVADs have all 
been proven to be feasible options for temporary cardiac support for cardiogenic 
shock [30–33] (Figs. 19.6, 19.7, and 19.8)

VA-ECMO is feasible in biventricular failure and requires either central can-
nulation (similar to cardiopulmonary bypass) or peripheral (usually femoral) 
cannulation. Independent of the cannulation site, the tip of the venous cannula 
is positioned close to the right atrium and drains deoxygenated blood into an 
extracorporeal centrifugal pump. Depending on the pump’s settings, a blood 
flow up to 8 l/min can be produced. Next, blood is pumped through a membrane 
oxygenator to facilitate gas exchange. From there oxygenated blood returns to 
the patient’s circulation via the arterial cannulation site which is either located 
at a peripheral artery or the ascending aorta. VA-ECMO decreases myocardial 
oxygen consumption by decreasing cardiac work. This is achieved by decreas-
ing preload and therefore offloading both ventricles. Special attention has to be 
paid to patients on VA-ECMO with peripheral cannulation since the retrograde 
flow from the arterial cannulation site increases afterload and impairs offloading 
the LV [31].

Fig. 19.6 Simplified schematic diagram of peripheral extracorporeal circulatory membrane oxy-
genation. RA right atrium, RV right ventricle, LA left atrium, LV left ventricle, FA femoral arteries, 
FV femoral veins
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a

b

Fig. 19.7 Simplified 
schematic diagram of an 
intra-aortic balloon pump 
during (a) systole and (b) 
diastole. RCA right coronary 
artery, LAD left anterior 
descending artery, CX 
circumflex artery. Arrows 
symbolize blood flow

Fig. 19.8 Standard display from a monitor for an intra-aortic balloon pump. Pressures in millime-
ters of mercury (mmHg)
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An IABP is feasible for LV support. It consists of a balloon, which is connected 
to a helium tank and console. The balloon is placed through the femoral artery 
and advanced in retrograde direction into the aorta until the tip of the device is 
positioned just distal to the offcome of the left subclavian artery. Triggered by an 
EKG or by an arterial pulse pressure wave form, it is filled with helium during dias-
tole and deflated during systole. This leads to decreased afterload and a moreover 
CO during systole and improved perfusion of the coronary arteries during diastole. 
Inflation of the balloon can be set for every single, second, or third diastolic period. 
The augmented diastolic pressures are higher than the systolic pressure [32].

Delivery of the fetus is the ultimate treatment and may be considered regardless 
of gestation in patients with decompensated heart failure or hemodynamic instabil-
ity [26]. If symptoms do not resolve after delivery, implantation of a permanent left 
ventricular assist device (LVAD) either as “destination” therapy or as bridge to heart 
transplant may be warranted.

 Lesson 5: What Are the Anesthetic Implications of Noncardiac 
Surgery in Patients with Ventricular Assist Device?

Temporary indications for the implantation of a VAD include bridge therapy to 
either recovery of ventricular function, transplant, or candidacy/decision. In patients 
with end-stage heart failure who are not candidates for transplantation, implantation 
of a LVAD has been shown to improve survival and lifestyle compared to medical 
therapy [34]. This has led to the approval of LVADs for destination therapy and 
explains why the number of LVAD patients who present for noncardiac surgery is 
on the rise.

There are a variety of mechanical circulatory support devices, which can grossly 
be divided into either left, right, or biventricular devices. Depending on the sys-
tem, it requires either extracorporeal, percutaneous, subdiaphragmatic, or pericar-
dial implantation technique. Placement of extracorporeal or percutaneous devices 
is less invasive and is usually indicated for temporary circulatory support, whereas 
intracorporeal devices can provide higher blood flows and have a longer durability 
[35]. While most devices assist the patient’s heart, the total artificial heart requires 
explantation of the native heart. Last it is important to realize that pumps provide 
either pulsatile or continuous flow via an axial or centrifugal pump (Table 19.3). 
Continuous flow has been shown to improve mortality despite other disadvantages 
including a high prevalence of gastrointestinal bleeds (GIB) [36, 37].

In this short review, we will focus on the most commonly used intracorporeal 
LVADs, the HeartWare® and Heartmate II/III® devices, as any anesthesiologist 
might encounter these devices in an outpatient setting. Both have an inflow can-
nula placed in the left apex of the heart, a pump providing continuous flow, and an 
outflow cannula placed in the ascending aorta. A driveline connects the pump to 
the extracorporeal components: batteries as a power source and a controller, which 
displays pump speed, power, pulsatility of flow or pulsatility index (PI), and flow. 
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In a hospitalized patient, the controller can be connected to a monitor with a larger 
display (Figs. 19.9 and 19.10).

The LVAD device pumps blood out of the LV and into the ascending aorta. The 
speed of the pump is the only modifiable variable. It is measured in rotations per 
minute and can be changed either on the portable controller or a stationary system 
monitor. The initial pump speed is programmed in the operating room based on 
septal position and chamber size on TEE.

The motor power required to run the pump depends on the diameter and speed 
of the pump. It correlates well with blood flow, however there are some exceptions. 
Flow through the pump is not directly measured but calculated via measured pump 
power and set pump speed (and in some models blood viscosity/hematocrit). Actual 
flow through the pump is dependent upon pump speed and also the pressure dif-
ferential across the pump. For a fixed speed, the difference in mean aortic pressure 
(afterload) and LV chamber pressure (preload) correlates inversely with flow, with 
LV intracavitary pressure being the greatest determinant of pump differential pres-
sure. The calculated blood flow may underestimate total cardiac output, as it does 
not account for blood ejected by the native LV across the aortic valve.

Table 19.3 Most common mechanical ventricular assist devices, implantation site, and pump 
types. Adapted figure with kind permission of Mabel Chung, MD and Elsevier [24]

Device name Location Pump type

CentriMag® Extracorporeal Continuous-centrifugal
Impella® Percutaneous Continuous-axial
TandemHeart® Percutaneous Continuous
HeartMate XVE® Intracorporeal- 

subdiaphragmatic
Pulsatile-electric; pusher 
plate

HeartMate II® Intracorporeal- 
subdiaphragmatic

Continuous-axial

HeartMate III® Intracorporeal-pericardial Continuous-centrifugal
HeartWare® Intracorporeal-pericardial Continuous-centrifugal
SynCardia-total artificial heart® Intracorporeal-replacing native 

heart
Pulsatile-pneumatic 
sac-type

a b

Fig. 19.9 Standard displays from LVAD monitors for (a) Heartmate II® and (b) HeartWare®. 
Pump flow in liters per minute, pump speed in rotations per minute, and pump power in watts
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The PI is dimensionless and calculated by the flow through the pump:

 
maximum flow minimum flow average flow-( ) /

 

The PI is displayed on the monitor of the Heartmate® LVAD (normal values 3–6) 
(Fig.  19.9a). Pump flow pulsatility is displayed graphically on the monitor of the 
Heartware® LVAD (Fig. 19.9b). Both provide useful information about LVAD sup-
port, LV preload, and contractility: myopathic left ventricles still follow the Frank-
Starling principle and increase contractility in response to preload. A higher PI or 
pulsatility signifies more ventricular filling and thus contractility, less support by the 
LVAD, or increased afterload. A lower value generally signifies less ventricular fill-
ing due to more support from the LVAD, hypovolemia, or decreased right ventricular 
(RV) function [38].

There are however exceptions, emphasizing that all parameters need to be 
reviewed in order to troubleshoot the device. An obstruction of the LVAD can lead 
to more ventricular filling but low PIs. In case of a thrombus located on the rotor, 
more work would be required to overcome the shear forces of the rotor at a given 
speed. Since the pump would utilize more power, the calculated flow would be 
erroneously high compared to the actual flow, which results in a low PI. In another 
scenario, the inflow or outflow cannulas might be kinked or obstructed. Since the 

a b

Pump

Console
connected
to catheter

A
o
r
t
a

A
o
r
t
a

Cannula

Fig. 19.10 (a) Simplified schematic diagram of a pericardial left ventricular assist device (Heartmate 
III®, Heartware®). RA right atrium, RV right ventricle, LA left atrium, LV left ventricle; (b) simplified 
schematic diagram of a percutaneous left ventricular assist device (Heartmate III®, Heartware®). RA 
right atrium, RV right ventricle, LA left atrium, LV left ventricle, FA femoral artery. The inflow area of 
the cannula is positioned in the LV (black part of cannula), and the outlet area, motor, and the pressure 
sensor are positioned in the aorta (white part of cannula)
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pump would be exposed to less blood, it would utilize less power resulting in lower 
flows and PIs (Fig. 19.11a, b).

In case of a so-called suction event, the interventricular septum has moved toward 
the inflow cannula resulting in LV collapse. Suction events usually occur if the 
blood volume through the pump exceeds LV filling or in other words if speed has 
been set too high or preload has dropped. Such events present with reduced power 
and fluctuating speed data as the machine automatically decreases speed until the 
suction event resolves and then gradually increases speed again.

Pump failure is an acute emergency which requires medical treatment of heart fail-
ure until specialized cardiologists, cardiothoracic surgeons, and company representa-
tives are available. Issues which can be resolved right away include checking that the 
percutaneous lead is connected to the controller and that power supply is warranted 
either via electrical outlet or battery. It is imperative to exchange one battery at a time 
as disconnection from both batteries can lead to pump failure itself [35].

Decompression of the LV by the LVAD can lead to problems if LV pressures are 
too low. Right heart failure is a frequent complication (20–50%) of LVAD implanta-
tion [39]. LVAD implantation leads to unloading of the LV, with a resultant change 
in ventricular septal curvature and RV geometry, thus affecting ventricular interde-
pendence. Additionally, increased venous return from LV unloading increases RV 
preload. Consequently the RV free wall has to compensate with increased contractil-
ity, which carries the risk of RV failure. This is tempered somewhat by the decrease 
in PCWP and PA pressure seen with LV unloading. Worsening of aortic insufficiency 
is another common complication seen when LV pressures are too low. This is further 
exacerbated by increased outflow from the LVAD into the ascending aorta. On the 
other hand, if the speed of the pump is set too low, the patient might develop LV 
failure again. In order to determine the appropriate settings of the device, patients are 
monitored for multiple weeks after implantation before they are discharged home. 
Even then, frequent interrogation of the pump is mandatory.

All of the commonly used devices in the United States require anticoagulation 
and antiplatelet therapy to avoid thrombotic occlusion of the pump and to reduce 
the risk of thromboembolic events. In addition, the sheer force of the pump as well 
as flow acceleration and interaction of blood with artificial surfaces can lead to 
acquired von Willebrand deficiency and hemolysis [40]. Therefore GIB and ane-
mia are common complications in patients with a LVAD. This is particularly true 
of continuous- flow LVADs and is most likely due to decreased arterial pulsatility 
which causes hypoperfusion of the gastrointestinal mucosa and the formation of 
arteriovenous malformations. As a consequence, endoscopies are by far the most 
common noncardiac procedures in these patients [41]. Another common procedure 
is a device exchange due to infections of drivelines or pump pockets or secondary 
to thrombosis of the rotor or cannula.

For an elective procedure in a hemodynamically stable patient, routine monitor-
ing may theoretically be sufficient [41]. However, we advocate for arterial line place-
ment for continuous blood pressure and arterial blood gas monitoring. Ultrasound 
can be helpful in locating the artery in the absence of a palpable pulse. Noninvasive 
blood pressure monitoring and pulse oximetry are often unreliable because of 
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less pulsatile blood flow, especially with continuous-flow devices (Fig.  19.12). 
Noninvasive blood pressure measurements may be obtained using a Doppler signal; 
however it may be impractical in the OR setting to use Doppler for each blood pres-
sure measurement. The anesthesiologist should know the expected battery life of 
the patient’s device and ideally connect the LVAD to a stable power source for the 
case. The LVAD should be connected to the pump controller console, which will 
display LVAD flow and may be a rough surrogate for CO. Contact information of 
the LVAD manufacturer can be useful in case of an emergency. The LVAD coordi-
nator at the nearest heart center is also an  invaluable resource. Adequate personnel 
should be available to assist in the event of an emergency. LVAD patients often have 
pacemakers/AICDs for cardiac resynchronization therapy and for the treatment of 
life-threatening arrhythmias, respectively. There are currently no recommendations 
that are different than those for non-LVAD patients; however it is ideal to maintain 
biventricular pacing function in order to optimize RV-dependent LVAD filling [42]. 
Some types of LVADs may impair gastric emptying given their position in the peri-
toneal space, and a rapid sequence induction should be considered.

Warfarin should be stopped several days in advance and bridged with heparin. 
Ideally, heparin and antiplatelet therapy would be continued perioperatively; however 
a multidisciplinary discussion should take place between the surgeon, anesthesiolo-
gist, and the patient’s cardiologist. Adequate intravenous access and the availability 
of blood products are crucial in this setting. Postoperatively, anticoagulation and anti-
platelet therapy should be reinitiated as early as possible [43].

Intraoperative management of LVAD patients with unstable hemodynamics may 
require central venous and PA pressure monitoring and/or placement of a TEE 
probe. Also, central or mixed venous oxygen saturations may be helpful in guid-
ing resuscitation in these patients. Hemodynamic management should include a 
focus on preload, afterload, and optimization of RV function. Preload should be 
maintained at high normal values; however caution should be exercised as to not 
volume overload the vulnerable right ventricle. CVP monitoring and TEE can be 
used to avoid RV failure but provide adequate preload. A drop in preload may also 
be detected by hypotension on the arterial line or decreased output or flows on the 
LVAD. SVR can be calculated as illustrated below. Excessive vasoconstriction will 
predictably decrease output from a continuous-flow LVAD. A reasonable goal is 
MAP from 70 to 90, which should assure adequate organ perfusion pressure with-
out excessive afterload. As previously stated, RV failure is a significant cause of 
morbidity and mortality post-LVAD implantation. The anesthesiologist should work 
to avoid triggers that would increase pulmonary vascular resistance (PVR). These 
include hypercarbia, hypoxemia, acidosis, and excessive PEEP. The RV is exqui-
sitely sensitive to perfusion pressure; therefore MAP should be maintained above 

Fig. 19.12 Minimally pulsatile arterial line tracing of a patient after implantation of a ventricular 
assist device
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70 mmHg. RV contractility can be improved by the addition of an inodilator like 
dobutamine or milrinone, and PVR/RV afterload may be reduced by the addition of 
a pulmonary vasodilator like inhaled nitric oxide or epoprostenol. TEE guidance is 
especially helpful in cases of suspected RV dysfunction [44].

 
SVR MAP CVP LVAD output dynes cm= ( )éë ùû´- / /80 5

 

In the case of a cardiac arrest, normal ACLS drug dosages and defibrillation ener-
gies should be used, and some advocate for placement of defibrillator pads on all LVAD 
patients undergoing surgery. Manufactures advice that chest compressions must not be 
performed due to the theoretical risk of dislodgement of VAD cannulae and exsanguina-
tion, however evidence is missing [45]. There are case reports of abdominal compres-
sions in the case of cardiac arrest, but this is not yet routinely recommended [46].

 Lesson 6: What Are the Anesthetic Implications of Noncardiac 
Surgery in Patients with Heart Transplant?

Despite the chronic shortage of feasible donors, the quantity of cardiac transplants 
is expected to increase due to the extension of donor criteria and achievements in 
preservation solutions and devices [47–49]. As a consequence, the number of heart 
transplant recipients presenting for noncardiac surgery will continue to rise.

A routine preoperative assessment should be performed ahead of time to allow 
time for additional testing if needed. There are no specific guidelines for the pre-
operative evaluation of cardiac transplant recipients. By ACC and ASA guidelines 
for noncardiac surgery, there is no need for routine testing provided that there is no 
change in the patient’s functional status [50, 51]. Some patients might experience 
silent ischemia, however, in the setting of sensory denervation of the heart. Given the 
high incidence of dysrhythmias and the consequences of graft failure, rejection, or 
ischemia, it is advisable to review or obtain an electrocardiogram within 30 days and 
functional cardiac testing not older than 3–6 months prior to a planned procedure.

ECGs of heart recipients frequently record two p-waves which are due to the 
preservation of the native and donor sinoatrial node during the biatrial implanta-
tion technique (Fig. 19.13). Other dysrhythmias are also common postoperatively 
and can be due to implantation approach, surgical trauma, vagolysis, ischemia, 
rejection, antiarrhythmic drugs, or increased blood levels of catecholamines. 
Bradyarrhythmias may occur in the early postoperative course. In 10% of biatrial 
implantations, permanent pacing is required. If a pacemaker (PM) or AICD has 
been implanted, ASA guidelines for management of cardiac implantable electronic 
devices advice that the most recent interrogation should be within 6–12 months. 
Furthermore, the manufacturer should be contacted to clarify PM or AICD settings 
and how magnet use affects the mode of the device [42]. More recently the need 
for PM placement has significantly decreased in heart transplanted patients due to 
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the bicaval implantation technique [52]. The most common tachyarrhythmias are 
atrial flutter and fibrillation and require appropriate rate control and anticoagulation. 
New-onset arrhythmias require further workup before proceeding with surgery [53].

Mortality from rejection is highest for the first 3 months following transplantation. 
It is common practice to delay the surgery within this time period to avoid additional 
stress in the perioperative phase [54]. Myocardial biopsies are performed frequently 
during the first year following transplantation and should carefully be reviewed. After 
one year, biopsies become less frequent due to lower risk of rejection. Within the first 
5 years postoperatively, mortality from cardiac allograft vasculopathy peaks and can 
potentially lead to intraoperative ischemia. As stated above, preoperative assessment of 
symptoms might be misleading as cardiac denervation can easily lead to silent episodes 
of ischemia. Therefore it is prudent to review the most recent stress test and angiogra-
phy. In general, if there is any suspicion of graft failure, rejection, or ischemia, further 
workup should precede the scheduled surgery.

In order to avoid the aforementioned complications, immunosuppressive drugs 
should be continued during the perioperative period. Most immunosuppressive 
 regimens for maintenance are based on a calcineurin inhibitor (CNI), a corticoste-
roid, and a antiproliferative drug. There are many anesthetic implications for immu-
nosuppressive therapy. Common side effects of antiproliferative drugs are anemia, 
increased risk of perioperative infection, and increased bleeding risk due to myelo-
suppression. In addition patients receiving CNIs frequently suffer from hypertension 
and renal failure. Other nephrotoxic drugs such as gentamycin and ketorolac should 
therefore be avoided. Common side effects of corticosteroids include hypertension 
and hyperglycemia. Adrenal suppression occurs with sudden withdrawal of steroids 
or during physiologic stress such as surgery. Patients on corticosteroids should there-
fore receive stress dosing in the perioperative period. Hydrocortisone is the preferred 
option because of its mineralocorticoid activity. Intraoperative etomidate should be 
used with caution in the light of adrenal suppression [55].

Provided that preoperative findings reveal normal cardiac function with no signs 
of graft failure or rejection, there is no need for invasive monitoring unless other 
comorbidities or the procedure justify it. If invasive procedures are indicated, sterile 
technique should be stressed in the light of immunosuppression. If a dental proce-
dure is planned and preoperative findings include an underlying valvular lesion, 
infective endocarditis prophylaxis is required [56].

General or regional anesthesia and monitored anesthesia care have been per-
formed successfully in heart transplant patients [57].

Cardiac denervation following a heart transplant has many intraoperative implica-
tions [57]. While there has been evidence for reinnervation up to 15 years postoper-
atively, it appears to be incomplete and regionally heterogeneous with unpredictable 

Fig. 19.13 EKG following a heart transplant with biatrial approach: recipient T-waves are marked 
by arrows. (Courtesy of Jason E. Roediger, CCT, CRAT. Used with permission under the Creative 
Commons license: https://creativecommons.org/licenses/by-sa/3.0/deed.en) [62]
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clinical relevance [58]. Sympathetic denervation prevents a positive chronotropic 
response to stress situations such as laryngoscopy, pain, light anesthesia, hypercar-
bia, or hypoxia. Only a gradual increase of heart rate is noted due to circulating cat-
echolamines secreted from the adrenal glands. For the same reason, compensation 
for hypotension or hypovolemia mostly occurs by an increase in stroke volume, as 
the baroreceptor reflex is absent. This makes this patient population highly preload-
dependent and vulnerable to induction of anesthesia and bleeding. Volume status 
should therefore be meticulously evaluated intraoperatively [59]. Temporizing mea-
sures to increase inotropy and chronotropy include the administration of direct-
acting sympathomimetic drugs such as the beta-agonists epinephrine, isoproterenol, 
and dobutamine, as well as phosphodiesterase inhibitors such as milrinone. In fact, 
alpha-1 agonists such as epinephrine and norepinephrine show an exacerbated posi-
tive chronotropic and inotropic response via beta-1 receptors because the accom-
panied increase in blood pressure does not result in a vagal response. Conversely, 
the effect on blood pressure through alpha-1 receptors is blunted which is most 
likely due to chronically increased blood levels of catecholamines. In these cases, 
vasopressin and methylene blue can then be used for refractory hypotension [60]. 
Vagal denervation leads to a resting heart rate between 90 and 110. The oculocar-
diac reflex and other vagally mediated reflexes during laryngoscopy, insufflation, 
and Valsalva maneuvers have no effect.

Early after transplantation indirect-acting drugs show a diminished response. 
Administration of vagolytic drugs such as atropine might not be accompanied by 
the positive chronotropic effect seen pretransplant. Ephedrine loses its indirect sym-
pathomimetic and digoxin its indirect vagomimetic effect. Acetylcholinesterase 
inhibitors and anticholinergic drugs show no effect on chronotropy during reversal 
of muscle relaxation. However as reinnervation progresses over the years, the auto-
nomic response becomes very unpredictable. The anesthesiologist should therefore 
be prepared for brady- and tachyarrhythmias [61]. Bradyarrhythmias be can coun-
teracted by the aforementioned beta-agonists. Tachyarrhythmias respond to sotalol 
and amiodarone and have minimal interaction with immunosuppressive drugs [60]. 
Intravenous lidocaine should be avoided due to its negative inotropic effect.

During the postoperative course, immunosuppressant drugs need to be continued 
as soon as possible, and the stress dose of hydrocortisone should be slowly tapered 
down to baseline requirements [55]. Immunosuppressed patients are particularly 
vulnerable to postoperative infections and should be monitored prudently for fever 
and other clinical signs.
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Chapter 20
A Minor Hiccup: Singultus, Regurgitation, 
and Aspiration Under Anesthesia

Sonya M. Seshadri and Jonathan L. Benumof

 Case Presentation

A 46-year-old male (weight 97 kg, height 6′1″, BMI 29) was scheduled for an out-
patient right inguinal hernia repair. The patient had no significant past medical his-
tory or allergies. His surgical history consisted of a previous right inguinal hernia 
repair at 6 months of age. Induction of anesthesia proceeded with 150 mcg IV fen-
tanyl, 100 mg IV lidocaine, and 200 mg IV propofol in anticipation of placement of 
a laryngeal mask airway (LMA). Once the patient was apneic, he began to have 
hiccups which made laryngeal mask airway placement and ventilation via mask dif-
ficult (Lesson I).

The patient then regurgitated clear secretions into his oropharynx (Lesson II). 
The anesthesiologist turned the head to the right side to suction the oropharynx, 
deepened anesthesia with 100  mg IV propofol, and paralyzed the patient with 
150  mg IV succinylcholine to prepare for endotracheal intubation. The patient 
regurgitated clear secretions a second time, and the airway was suctioned for a sec-
ond time. Ventilation via mask was possible at this point. The anesthesiologist per-
formed direct laryngoscopy with cricoid pressure and intubated the patient 
uneventfully with an 8.0  mm endotracheal tube. A suction catheter was placed 
through the endotracheal tube, and an orogastric tube was placed in the stomach 
with no significant return of material through either conduit (Lesson III). The lungs 
were clear to auscultation bilaterally, and breath sounds were equal throughout the 
lung fields. During the 70 min case, the patient’s oxygen saturation ranged from 
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97% to 100% on 50% FiO2. At the end of the case, the anesthesiologist extubated 
the patient fully awake. During the patient’s 3 h postoperative care unit (PACU) 
stay, his oxygen saturation was 94–97% on 2 L/min nasal cannula which was even-
tually weaned to room air. The patient had no apparent respiratory distress and was 
discharged home in stable condition.

On postoperative day 1, the patient came to the emergency department with wheez-
ing, a productive cough with thick brownish-colored sputum, and a fever to 
103 °F. Physical exam revealed wheezing and crackles on the right side which corre-
lated with a right middle lobe consolidation on chest radiograph (Lesson IV). The 
patient was admitted to the hospital for a course of intravenous antibiotics to treat 
aspiration pneumonia. He was discharged home with oral antibiotics on hospital day 
3 after he had been afebrile for 48 h with improvement of his wheezing and cough.

 Lesson I: Hiccups Under Anesthesia

 Lesson IA: What Is the Definition of a Hiccup?

A hiccup (singultus) is an episodic spasm of the diaphragm and intercostal muscles 
followed by closure of the vocal cords. During a hiccup, the diaphragm contracts 
and flattens, and the external intercostal muscles contract, simulating a forceful 
inspiration [1]. Thirty-five milliseconds after spasm of the respiratory muscles, the 
vocal cords close suddenly preventing the movement of air into the lungs [2]. The 
closure of the vocal cords is what creates the characteristic sound of a hiccup [3].

 Lesson IB: What Causes Hiccups Under Anesthesia?

Hiccups can occur for many reasons related to anesthesia and surgery. Causes related 
to anesthesia include gastric distention (i.e., from ventilation via mask) and side 
effects from induction agents such as propofol [2, 4]. A few case reports have sug-
gested that epidural anesthesia with long-acting local anesthetics such as bupivacaine 
and ropivacaine can cause hiccups in a dose-dependent manner. This effect could be 
due to alterations in gastrointestinal, diaphragmatic, or abdominal wall innervation 
and reflexes [5, 6]. Hiccups appear to occur more frequently in certain types of surgi-
cal procedures such as those with direct manipulation of the diaphragm, gastrointes-
tinal surgery, and respiratory procedures such as bronchoscopy and tracheostomy 
[1]. Another rare but important cause of hiccups is phrenic nerve irritation along its 
course. Atrial pacing, ablation procedures for atrial fibrillation, and placement of 
central venous catheters have been reported to cause hiccups due to the anatomical 
proximity of the right atrium to the right branch of the phrenic nerve [7–9].
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 Lesson IC: What Is the Reflex Pathway That Causes Hiccups?

Regardless of the triggering event, the common pathway for hiccups is a reflex that 
is incompletely understood. This reflex consists of afferent input from the vagus 
nerve, phrenic nerve, and sympathetic fibers from T6 to T12. These afferents syn-
apse in the cervical spinal cord at C3-C5 and in the brainstem (likely at the medulla). 
The efferent output of the reflex is from the phrenic nerve to the diaphragm and 
respiratory muscles (Fig.  20.1) [1, 2, 10–12]. Neurotransmitters involved in this 
process include gamma-aminobutyric acid (GABA) and dopamine [3, 13].

 Lesson ID: What Are the Treatments for Hiccups Under 
Anesthesia?

Hiccups are generally self-limited, but treatment may be needed if vocal cord 
closure or patient movement is preventing a procedure from proceeding. Support 
for most treatments is largely empirical rather than evidence-based. Therapies 
are primarily aimed at blocking the reflex discussed above at the level of the 
gastrointestinal (GI) triggers, respiratory muscles, autonomic nervous system, 
or neurotransmitters.

Phrenic
afferent
fibers

“Hiccup center” in cervical
spine and brainstem

Vagal
afferent
fibers

Diaphragm

Phrenic
efferent
fibers

Sympathetic
afferent
fibers

Medulla

C2

C3

C4

C5

Fig. 20.1 A schematic of the 
contributions to the reflex arc 
of a hiccup
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Many diverse pharmacological interventions  can be used to treat hiccups. To 
attenuate GI triggers for hiccups such as gastric distention and GI reflux, prokinetic 
agents such as metoclopramide (Reglan) and proton pump inhibitors (omeprazole) 
can be used [2, 13]. Neuromuscular blockade is one way to attenuate respiratory 
muscle and vocal cord movement from hiccups in an anesthetized patient [10]. 
Baclofen may have an antispasmodic effect on respiratory muscles. Furthermore, 
baclofen and gabapentin are GABA agonists that may inhibit vagal impulses in the 
hiccup reflex [14, 15]. Dopaminergic antagonists such as  chlorpromazine 
(Thorazine), the only FDA-approved treatment for hiccups, may also act on brain-
stem modulation of the hiccup reflex. The suggested dose of Thorazine for this 
purpose is 25–50 mg IV or IM. Other antidopaminergic agents such as prochlor-
perazine (Compazine) and droperidol (Inapsine) have been used to treat hiccups in 
the dosages used for postoperative nausea and vomiting [2]. Medications that inhibit 
and overcome afferent vagal impulses of the hiccup reflex include sympathomi-
metic agents such as ketamine and ephedrine and local anesthetics such as lidocaine 
that may anesthetize vagal afferents [10].

There are also nonpharmacological treatments for hiccups. Airway irritants 
such as smelling salts or nasopharyngeal stimulation may interrupt vagal affer-
ents in the hiccup reflex [10, 16]. Increased arterial PaCO2 has been shown to 
decrease the frequency of hiccups which may explain why breath holding may 
stop hiccups [1, 12]. Breath holding can be simulated under anesthesia with 
mild hypoventilation, sigh breaths, and continuous positive airway pressure 
(CPAP). These actions may also stop hiccups by breaking diaphragmatic spasm 
and restoring phrenic nervous rhythms [1, 2]. The efficacy of blocking vagal 
afferents may also explain the utility of acupuncture and phrenic nerve blockade 
for persistent hiccups [1, 10] (Table 20.1).

Table 20.1 Summary of treatment options for hiccups

Acute pharmacologic Acute nonpharmacologic

  Muscle relaxants   Nasopharyngeal stimulation
  Prokinetic agents: metoclopramide (Reglan)   Mild hypoventilation
  Proton pump inhibitors (omeprazole)   Sigh breaths
  Antidopaminergic agents: chlorpromazine, 

prochlorperazine, droperidol
  Continuous positive airway 

pressure (CPAP)
Chronic therapy for refractory 
hiccups

  Acupuncture
  Sympathomimetic agents: ketamine, ephedrine   Phrenic nerve block
  IV or nebulized lidocaine   GABA agonists: baclofen, 

gabapentin  Smelling salts (ammonium chloride)
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 Lesson II: Regurgitation

 Lesson IIA: What Determines Whether Regurgitation Will 
Occur?

Regurgitation is the backward, passive expulsion of ingested material or secretions 
into the oropharynx from the stomach or esophagus [17]. Because regurgitation is a 
passive process, the movement of material relies primarily on pressure gradients. 
The three barriers to regurgitation are the following: (1) the lower esophageal 
sphincter (LES), (2) the upper esophageal sphincter (UES), and (3) the protective 
laryngeal reflexes [18].

 Lesson IIB: Why Are Patients Prone to Regurgitation Under 
General Anesthesia?

The LES spans the diaphragm and separates the stomach from the esophagus. The 
tendency to regurgitate from the stomach to the esophagus depends primarily on 
the barrier pressure, the pressure gradient between the intragastric pressure (nor-
mally 5 mm Hg) and the LES pressure (normally 10–25 mm Hg) (Fig. 20.2) [10, 
17]. A lower barrier pressure predisposes to regurgitation by creating a gradient 
favorable for movement of material from the stomach to the esophagus [10]. A 
typical anesthetic with opioids, muscle relaxants, and inhaled anesthetics 
decreases lower esophageal sphincter pressure and therefore decreases the barrier 
pressure [19]. Furthermore, cricoid pressure and laryngeal mask airways 
(LMAs) seem to reflexively decrease LES and barrier pressure. LMAs, but not 
cricoid pressure, also appear to increase reflux of materials from the stomach 
though this is not significant at the level of the upper esophagus unless the patient 
is placed in lithotomy position [20–22].

The tendency to regurgitate from the esophagus to the hypopharynx is related to 
the UES. The UES is a band of the cricopharyngeus muscle at the level of the cri-
coid cartilage that is continuous with the upper esophagus [18]. Most inhaled and 
intravenous anesthetic techniques, with the notable exception of ketamine, decrease 
the UES tone from approximately 40 mm Hg to less than 10 mm Hg [23, 24].

Airway reflexesare the final barrier to protect the lungs from aspiration of regur-
gitated substances. The four protective airway reflexes are (1) apnea with laryngo-
spasm or closure of both the true and false vocal cords, (2) coughing during which 
a prolonged and forceful expiration follows a brief rapid flow inspiration, (3) sud-
den isolated expiration with opening of the false vocal cords, and (4) spasmodic 
panting or shallow breathing with rapid glottic opening and closing [18]. Patients 
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can have depressed airway reflexes preoperatively due to depressed levels of con-
sciousness, advanced age, and premedication. Inhaled and intravenous general 
anesthetics also significantly diminish these reflexes both intraoperatively and post-
operatively even after other measures of recovery are met [25–27].

 Lesson III: Aspiration

 Lesson IIIA: What Are Preoperative Risk Factors 
for Regurgitation and Aspiration?

The main risk factors for regurgitation are increased gastric volume, altered LES 
tone or anatomy, and loss of protective laryngeal reflexes. Increased gastric volume 
can arise from delayed gastric emptying which occurs during pregnancy (especially 
labor), autonomic dysfunction from diabetes mellitus, and conditions that cause 
peristaltic abnormalities of the gastrointestinal tract (i.e., obstruction, infection, or 
increased sympathetic tone). Clinical conditions with reduced LES tone include 
pregnancy and gastroesophageal reflux (GERD). The functionality of the LES may 
also be altered by anatomical displacement above the diaphragm in pregnancy, obe-
sity, and the presence of a hiatal hernia [10]. Loss of protective laryngeal reflexes 
occurs from trauma, depressed consciousness, and premedication [18].

Esophagus

Diaphragm
LES

Stomach

IGP

P=Barrier Pressure

LESP

Fig. 20.2 An illustration of barrier pressure, the difference between the lower esophageal sphinc-
ter pressure and the intragastric pressure. LES lower esophageal sphincter, LESP lower esophageal 
sphincter pressure, IGP intragastric pressure
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 Lesson IIIB: How Can One Decrease the Possibility 
of Regurgitation and Subsequent Aspiration in Patients Who 
Are at Risk?

An anesthesiologist can decrease the possibility of regurgitation in a patient who is 
at risk by attempting to reduce the patient’s gastric volume and maintain LES tone. 
The severity of pulmonary damage caused by aspirated gastric contents can also be 
reduced by increasing the pH of gastric contents (making them less acidic). The 
ways to accomplish these goals include nil per os (NPO) guidelines, mechanically 
decompressing the stomach, and specific pharmacologic agents [10, 18, 28].

The two nonpharmacological ways to decrease gastric volume are NPO 
guidelines and tube decompression of the stomach. NPO guidelines give recom-
mendations regarding the duration of patient fasting for various liquids and sol-
ids prior to surgery (Table 20.2) [28]. If NPO guidelines must be by passed and 
the patient has clear evidence of severely overfilled gastrum (i.e., bowel obstruc-
tion, recent oral contrast ingestion), it is advisable to place an 18 French naso-
gastric (NG) tube and thoroughly suction gastric contents through the tube prior 
to induction of anesthesia to reduce the risk of aspiration (see Table  20.3). 
Placement of an NG tube may be complicated by patient discomfort and bleed-
ing from the nasal mucosa. Patient discomfort can be overcome with 4% lido-
caine spray to the oropharynx, lidocaine- soaked pledgets into the nare, and 
serial dilation of the nasal passageway with nasopharyngeal airways of increas-
ing size coated in 5% lidocaine ointment. Bleeding can be avoided by spraying 
oxymetazoline (Afrin) into the nare. The NG tube should be removed prior to 
induction of anesthesia to prevent difficulty with preoxygenation and mask ven-
tilation due to the NG tube breaking the seal between the mask and the patient’s 
face. Furthermore, material can travel backward along the sides of the NG tube 
from the stomach to the oropharynx once the patient is under general anesthesia 
(“wick effect”). Finally, the NG tube may decrease the efficacy of cricoid pres-
sure. After removal of the NG tube prior to the induction of general anesthesia 
(for all of the above reasons), a rapid sequence induction (RSI) should still be 
performed in this setting [29].

Pharmacologic aspiration prophylaxis is not routinely recommended unless a 
patient has one or more of the regurgitation and aspiration risk factors described 

Table 20.2 Summary of NPO guidelines from the American Society of Anesthesiologists [28]

Ingested material
Interval of fasting prior to elective 
procedure Additional comments

Clear liquids 2 h Excludes alcohol
Human breast milk 4 h
Nonhuman infant 
formula

6 h Low-fat or low-protein 
foods

Light meal
Heavy meal 8 h Fatty or fried foods
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above [28]. Pharmacologic options include prokinetic agents (metoclopramide or 
Reglan), histamine antagonists (H2Bs, ranitidine or Pepcid), proton pump inhibitors 
(PPIs, omeprazole or Prilosec), and nonparticulate antacids (sodium citrate or 
Bicitra). Metoclopramide (Reglan) reduces gastric volume via a prokinetic effect 
mediated by muscarinic agonism, dopaminergic antagonism, and serotonergic 
antagonism. H2Bs and PPIs decrease gastric volume and increase gastric pH at the 
level of the parietal cells in the stomach, via histamine receptors and H+/K+ 
ATPases, respectively. H2Bs work within a few hours of administration, while PPIs 
should be given in two successive doses starting the night before surgery. 
Nonparticulate antacids such as sodium citrate (Bicitra) neutralize stomach acid 
immediately but may slightly increase gastric volume. Antacids and Reglan have 
also been shown to increase LES tone [18]. There is limited evidence that combin-
ing multiple agents increases their efficacy [18, 28]. A summary of aspiration risk 
reduction can be seen in Fig. 20.3.

The interventions in Fig.  20.3 are listed in the American Society for 
Anesthesiologists (ASA) “Practice Guidelines for Preoperative Fasting and the Use 
of Pharmacologic Agents to Reduce the Risk of Pulmonary Aspiration.” It is impor-
tant to note that these guidelines are based largely on expert opinion rather than 
randomized controlled trials. Furthermore, while the available scientific evidence 

Table 20.3 Placement of nasogastric tube in an awake patient prior to the induction of general 
anesthesia in a patient at high risk for aspiration due to full stomach

Positive consideration Negative considerations

Greatly reduce the risk of 
aspiration of high volume of 
gastric contents during the 
induction of general anesthesia

Specific negative 
consideration

Solution to negative consideration

Noxious stimulus 1. Spray nare with lidocaine
2. Place series of soft 
nasopharyngeal airways lubricated 
with lidocaine ointment
3. Spray posterior oropharynx with 
lidocaine

May cause nose bleed Spray oxymetazoline (Afrin) into 
nare

May decrease effective 
preoxygenation by 
mask

After thoroughly suctioning gastric 
contents through NGT, remove the 
NGT prior to the induction of 
general anesthesiaMay decrease effective 

ventilation by mask if 
needed
May decrease 
effectiveness of cricoid 
pressure
“Wick effect”
Still need to perform 
RSI

Risk of aspiration prior to securing 
airway has been reduced
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shows decreased gastric volumes and increased gastric pH when NPO guidelines 
and appropriate pharmacologic prophylaxis are used, there is inadequate evidence 
to address the relationship between these measures and the risk of perioperative 
aspiration into the lungs [28].

 Lesson IIIC: What Is an Appropriate Action Plan to Manage 
a Witnessed Aspiration Event?

The immediate treatment of witnessed or suspected aspiration in an anesthe-
tized patient includes turning the patient’s head to the right side, suctioning the 
oropharynx, and tracheal intubation with a cuffed endotracheal tube. As soon as 
tube placement is confirmed with end- tidal carbon dioxide (EtCO2), the trachea 
should be suctioned through the endotracheal tube with a 14 French soft suction 
catheter. It is highly desirable to examine the tracheobronchial tree with a fiber-
optic bronchoscope following a known or suspected aspiration and perform 
localized, small volume saline lavage and suctioning of the inhaled gastric con-
tents under the control of an appropriately sized fiber-optic bronchoscope. Blind 

Loss of
airway
reflexes

Cricoid
pressure

NG/OG
suctioning

NPO

Reglan

Increased
gastric
volume

Avoid
premedication

Aspiration

H2B, PPI

H2B, PPI

Reglan

Succinyl-
choline

Decreased
LES tone

Fig. 20.3 Risk factors for regurgitation and aspiration are indicated by green arrows, and prophy-
lactic measures for each risk factor are indicated with red flathead arrows. H2B H2 blocker, PPI 
proton pump inhibitor, NPO nil per os, NG/OG nasogastric/orogastric
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saline lavage of the airway is never recommended. Alkali lavage of the tracheo-
bronchial tree is also not recommended because the toxic effect of gastric aspi-
rate on the airways is immediate [30].

Disposition of a patient who aspirates gastric contents before or during anesthe-
sia depends on the patient’s level of clinical stability. A patient with compromised 
oxygenation or cardiovascular instability after aspiration should remain intubated 
and be admitted to the intensive care unit (ICU) for observation, pulmonary toilet, 
and repeated fiber-optic examinations. Occasionally, aspiration can lead to pneumo-
nia, acute respiration distress syndrome (ARDS), multi-organ failure, sepsis, and 
death [31]. A stable patient can be extubated after anesthesia provided the patient is 
observed for 4–6 h after extubation for the development of cough, wheezing, and 
hypoxemia. Outpatient follow-up may be appropriate if none of these symptoms 
develop and the patient is given explicit instructions to return to a medical facility if 
symptoms of pneumonia arise. Inpatient monitoring may be needed after extubation 
if the likelihood of severe aspiration is high or the patient has significant comorbidi-
ties such as preexisting lung disease. Treatment of aspiration with corticosteroids is 
not helpful and may increase the risk of bacterial infection. Prophylactic treatment 
with antibiotics is not indicated because not all aspiration results in pneumonia and 
unnecessary antibiotics may facilitate the colonization of resistant organisms [30].

 Lesson IV: Aspiration Pneumonia

 Lesson IVA: How Do You Diagnose and Treat Aspiration 
Pneumonia?

Bacterial pneumonia can develop after aspiration due to the transference of naso-
pharyngeal, oropharyngeal, and gastrointestinal bacteria into the airways. Aspiration 
pneumonia usually has a rather indolent course because the causative agents are oral 
anaerobes and streptococci which are less virulent than the bacteria that cause other 
types of pneumonia. The onset of symptoms of pneumonia such as fever and pro-
ductive cough after aspiration is typically days to weeks. The presence of purulent 
or malodorous sputum is regarded as diagnostic of anaerobic infection [32]. The 
treatment for aspiration pneumonia is a 7–10 day course of antibiotics. Regimens 
include clindamycin, amoxicillin-clavulanate, or a penicillin plus metronidazole 
(Flagyl) for 7–10 days [33–35]. While this clinical course is common in mild to 
moderate aspiration in a healthy patient, occasionally, aspiration pneumonia can be 
severe and lead to ARDS, sepsis, and death as mentioned above.

The differential diagnosis for postoperative aspiration pneumonia includes 
chemical pneumonitis and atelectasis. Chemical pneumonitis occurs when bile and 
stomach acid cause an acute (within 2 h) inflammatory process in lungs that leads to 
hypoxemia and respiratory distress. Clinical recovery from pneumonitis occurs in 
24–36  h of aspiration [31, 36]. Atelectasis, or collapse of the lung parenchyma, 

S. M. Seshadri and J. L. Benumof



401

occurs during almost all inhaled and intravenous anesthetics due to compression of 
lung tissue by altered chest wall and diaphragm mechanics, slower rate of gas entry 
into the alveolus than absorption of gas into the blood, and altered surfactant 
 function. While atelectasis from surgery improves within 24 h, it can be a significant 
cause of hypoxemia and even mild fever [37]. The treatment for both pneumonitis 
and atelectasis is supportive care of pulmonary function (deep breathing, coughing, 
noninvasive positive pressure ventilation) unless there is progression of symptoms 
or development of superimposed pneumonia.

While all of the above diagnoses cause hypoxemia and respiratory distress, aspi-
ration pneumonia can be differentiated from pneumonitis and atelectasis by its clin-
ical progression with high fevers, elevated white blood cell count, and purulent 
sputum. However, these symptoms may take days to develop after aspiration. A 
chest radiograph may be diagnostically useful to differentiate early pneumonia from 
atelectasis due to differences in their pathophysiology (Fig. 20.4). Generally, chest 
radiograph from aspiration shows bilateral air space opacification without volume 
loss. Opacification from atelectasis is often accompanied by signs of volume loss 
including diaphragm elevation and displacement of ribs, fissures, or mediastinal 
structures toward the area of collapse [38].

Alveolar
collapse

(Atelectasis)

Radiographic findings:
• Opacification
• Signs of volume loss
   • Diaphragm elevation
   • Lung collapse towards lesion

Radiographic findings:
• Opacification
• No signs of volume loss

Alveolar
consolidation
(Pneumonia)Normal

Fig. 20.4 Illustration of how atelectasis and pneumonia differ at the level of the alveoli which 
creates the differences apparent on chest radiography
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Chapter 21
Myasthenia Gravis

Daniel J. Sisti

 Case Narrative

A 74-year-old man, weighing 54 kg, height 159 cm, BMI 21, was admitted to the hos-
pital for dysphagia and weight loss. His past medical history was significant for coro-
nary artery disease (with coronary artery bypass graft surgery done 7 years previously), 
hypertension, and nephrolithiasis. He had been in his usual state of health until 3 weeks 
prior to admission, when he began having progressive difficulty with swallowing. He 
presented to the hospital after having choking episodes while eating that day.

Workup by his primary team led to a diagnosis of myasthenia gravis suggested by 
electromyography and confirmed by seropositivity of acetylcholine receptor antibodies 
on laboratory testing (L-1,2,3). During this admission, he was started on pyridostig-
mine, prednisone, and mycophenolate mofetil. He was also given a course of intrave-
nous immunoglobulin (IVIG) (L-4). He improved and was asymptomatic at discharge, 
though video laryngoscopy still demonstrated moderate oropharyngeal dysphagia.

Approximately 6 weeks after discharge, the patient presented to the emergency 
department with sudden onset of severe abdominal pain radiating to his back. The 
emergency medicine department evaluated him, and a plain film abdominal x-ray 
revealed free air under the diaphragm (Fig. 21.1). General surgery was consulted, 
and the decision was made to bring him to the operating room for an emergent 
exploratory laparotomy.

Preoperative examination by the anesthesiologist (L-5) showed a heart rate of 
84 beats per minute, blood pressure 147/84 mmHg, respiratory rate 16 breaths per 
minute, and oxygen saturation 97% on room air. Examination demonstrated a favor-
able Mallampati class I airway, ability to prognath, normal extension of the neck, 
and thyromental distance of 5 cm. Lungs were clear and cardiovascular exam was 
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normal. Laboratory values (Table 21.1) were significant for creatinine of 1.92 mg/
dl, which was near his baseline at the time.

The patient was brought into the operating room, preoxygenated, and standard 
ASA monitors were placed. Induction was accomplished with etomidate, fentanyl, 
and 20 mg of rocuronium (L-6). Intubation was successful, and the operation pro-
ceeded smoothly. The surgical team discovered a perforated prepyloric ulcer which 
was oversewn. At the conclusion of the operation, train-of-four monitoring again 
showed four twitches. Neuromuscular blockade reversal was administered, consist-
ing of 2.5 mg of neostigmine and 0.5 mg of glycopyrrolate. Four twitches were 
again seen, and the patient had sustained tetany for 5  s without fade. While still 
intubated, the patient had tidal volumes of approximately 400 cc with a respiratory 
rate of 12 (L-7). He was subsequently extubated and brought to PACU for recovery. 
His PACU course was uneventful. He had stable vital signs, adequate analgesia, no 
residual weakness, and was transferred to a monitored bed (L-8).

 Lesson 1: Pathophysiology of Myasthenia Gravis

Myasthenia gravis is an autoimmune disorder that affects the neuromuscular junction 
[1] (NMJ; see Fig. 21.2). In the normal state of the NMJ, a nerve impulse results in 
acetylcholine released from the nerve terminal. Binding of acetylcholine to nicotinic 
acetylcholine receptors (NAChRs) on the motor end plate causes influx of sodium 
into the muscle cell, triggering a cascade of molecular events that transiently increase 
intracellular calcium, leading to muscle contraction. Acetylcholinesterase within the 
cleft of the NMJ quickly degrades the acetylcholine, allowing muscle relaxation [2].

Fig. 21.1 The patient’s chest 
x-ray demonstrating 
subdiaphragmatic free air 
(yellow arrow)
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The most common form of myasthenia gravis involves autoantibodies directed 
against acetylcholine receptors, leading to their destruction by the patient’s immune 
system (Fig. 21.3). Acetylcholine is released and is quickly cleaved by acetylcho-
line esterase normally, but there is less muscle contraction because of the decreased 
acetylcholine receptor density. Clinically this presents as weakness. Most com-
monly weakness appears first with ocular symptoms such as ptosis and diplopia. 
This can progress to generalized weakness and/or bulbar weakness with difficulty 
swallowing or weight loss. The hallmark of myasthenia gravis is fatigability, with 
weakness getting worse with more activity [3].

 Lesson 2: Diagnosis of Myasthenia Gravis

The first step in diagnosis of myasthenia gravis requires a sufficient degree of clini-
cal suspicion. There is a small battery of tests that can be used to make the diagno-
sis. The first is repetitive nerve stimulation, which involves electrically stimulating 
muscles and recording compound muscle action potentials (CMAPs) that are gen-
erated in response to the stimulus [4]. To ensure that the entire muscle group is 

Table 21.1 Laboratory data
Variable

On 
admission

Reference 
range

Sodium (mmol/l) 134 136–145
Potassium (mmol/l) 4.8 3.5–5.1
Chloride (mmol/l) 102 98–107
Carbon dioxide (mmol/l) 18 22–29
Urea nitrogen (mg/dl) 47 6–20
Creatinine (mg/dl) 1.92 0.67–1.17
Glucose (mg/dl) 177 70–115
Calcium (mg/dl) 8.8 8.5–10.6
Aspartate aminotransferase (U/l) 32 0–40
Alanine aminotransferase (U/l) 30 0–41
Alkaline phosphatase (U/l) 89 40–129
Total bilirubin (mg/dl) 0.3 <1.20
White-cell count (per mm3) 11,900 4000–10,000
Differential count (%)
  Neutrophils 89 34–71
  Lymphocytes 9 19–53
  Monocytes 1 5–12
  Eosinophils 2 2
  Basophils 1 0–2
Hemoglobin (g/dl) 12.1 13.7–17.5
Hematocrit (%) 36.0 40–50
Platelet count (per mm3) 133 140,000–

370,000
International normalized ratio 1.1
Partial thromboplastin time (s) 30.8 25.0–34.0

21 Myasthenia Gravis
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Normal
neuromuscular
junction

Motor
endplate,
surface
covered in
NAChRs

Nerve terminal,
vesicles filled with
acetylcholine

Fig. 21.2 Normal neuromuscular junction. Acetylcholine is released into the NMJ cleft via exo-
cytosis. These molecules bind to their respective receptors, causing muscular contraction. NAChR 
nicotinic acetylcholine receptor

Neuromuscular
junction in
myasthenia
gravis

Nerve terminal,
vesicles filled with
acetylcholine

Motor
endplate,
NAChRs
largely
annihilated

Fig. 21.3 Neuromuscular 
junction in myasthenia 
gravis. The motor end plate is 
nearly denuded of NAChRs. 
When acetylcholine is 
released from the nerve 
terminal, it is quickly cleaved 
by acetylcholinesterase, and 
muscular contraction is 
ineffectual. NAChR nicotinic 
acetylcholine receptor

recruited, the nerve is supramaximally stimulated in a train of 6–10 stimuli, with 
a rate of 2–3  Hz. Note that different amounts of stimulating current are needed 
depending on what muscle is being tested. In the normal state, the CMAP amplitude 
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will be the same throughout the test. In myasthenia gravis, the recorded CMAPs 
will demonstrate a decremental response to the train of stimuli (Fig. 21.4).

A second test is the edrophonium test. A patient with clinical signs of weakness 
(e.g., unilateral ptosis) is given an intravenous bolus of edrophonium, a short-acting 
acetylcholinesterase inhibitor. Edrophonium increases the availability of acetyl-
choline in the NMJ, thereby allowing activation of NAChRs leading to effective 
muscular contraction. Thus, a positive edrophonium test will result in temporary 
resolution of the weakness.

Another test that is sometimes used is single-fiber electromyography (SFEMG). 
When a motor neuron triggers a muscle contraction, there is a normal, predict-
able delay from the release of acetylcholine into the NMJ to the compound muscle 
action potential that is generated in response to that molecular signal. In SFEMG, a 
specialized recording needle is inserted between two individual muscle fibers, and 
the patient is asked to hold a steady contraction, while the SFEMG machine records 
100 consecutive CMAPs. Displayed graphically and superimposed on one another, 
there is minimal variation, or “jitter,” between the action potentials in normal physi-
ology [4–6] (Fig. 21.5).

With the loss of NAChRs in myasthenia gravis, the time to recruit muscle 
fiber after release of acetylcholine into the NMJ becomes unreliable. Many nerve 
impulses fail to trigger muscle contraction, and the time to contract one muscle fiber 
after another becomes markedly variable. The resulting SFEMG graph will show a 
spread of action potentials (increased jitter, Fig. 21.6).

SFEMG is a very sensitive test for myasthenia gravis, but it is not specific. You 
can see a similar jitter in other neuromuscular disorders such as amyotrophic lateral 
sclerosis, polymyositis, or Lambert-Eaton syndrome [2].

R Trapezius

1 mV/div

Fig. 21.4 Repetitive nerve stimulation test in myasthenia gravis. There is a quick decline in com-
pound muscle action potential in response to nerve stimulation. (Copyright © 2010, VC Juel)
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A test that is very specific for myasthenia gravis is the detection of autoimmune 
antibodies (Table 21.2). Myasthenia gravis is a prototypical autoimmune disease, 
where the patient’s immune system attacks self-antigens. Most commonly, myas-
thenia gravis patients have antibodies directed against the NAChR. A recently rec-
ognized form of myasthenia gravis has antibodies directed against muscle-specific 
tyrosine kinases, which are involved in the normal organization of acetylcholine 
receptors in the NMJ [7]. A smaller subset of patients present with clinical myas-
thenia gravis but without recognized autoantibodies.

First muscle
action potential

Second muscle
action potential

Normal single-fiber electromyograph

Fig. 21.5 Normal single-fiber electromyography. Recording of multiple stimuli shows consistent 
latencies in the tested muscle fiber. (Courtesy of Daniel J. Sisti, MD)

First muscle
action potential

Single-fiber electromyograph
in myasthenia gravis

Second muscle action
potential with increased jitter

Fig. 21.6 Single-fiber electromyography in myasthenia gravis. Increased jitter characteristic of 
myasthenia gravis. (Courtesy of Daniel J. Sisti, MD)
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 Lesson 3: Classification of Myasthenia Gravis

Clinicians may use one of many extant variations of the Osserman classification 
(Table  21.3) to designate the severity of myasthenia gravis. These classes range 
from type I with ocular symptoms alone to type IV, with severe disease and pro-
found weakness [1]. This classification scheme does not carry any connotation of the 
prognosis of a patient’s disease. Criticisms of the classification have argued that the 
scheme overly relies on subjective clinical impressions and lacks quantification [3].

 Lesson 4: Treatment of Myasthenia Gravis

First-line treatment for myasthenia (Table 21.4) is the use of long-acting acetyl-
cholinesterase inhibitors, typically pyridostigmine. Acetylcholinesterase inhibitors 
treat symptoms by increasing the amount of acetylcholine in the NMJ, thereby acti-
vating the remaining receptors. Side effects are primarily cholinergic, such as bra-
dycardia, nausea, and diarrhea.

Steroids are used to treat the underlying pathophysiology by suppressing the 
immune system. Side effects of long-term steroid use include myopathy, glucose 
intolerance, osteoporosis, and many others. Other immune modulators such as aza-
thioprine or cyclosporine are commonly used, as well.

Exacerbations of myasthenic symptoms can be treated with intravenous immuno-
globulin infusions. This is thought to interfere with antibody-mediated destruction 
of acetylcholine receptors. In case a patient has a history of allergy or intolerance to 
IVIG, plasmapheresis is an alternative [3].

Table 21.2 Forms of 
myasthenia gravis

Antibody type Incidence

Nicotinic acetylcholine receptor 80%
Muscle-specific tyrosine kinase 15%
Unknown (“seronegative”) 5%

Table 21.3 Osserman 
classification of myasthenia 
gravis

Class Clinical presentation

I Ocular symptoms
IIa Generalized weakness
IIb Generalized moderate weakness and/or 

bulbar symptoms
III Fulminating presentation with respiratory 

distress/failure
IV Late, severe symptoms

21 Myasthenia Gravis



412

Thymectomy has been recognized for decades as a means to achieve long-term 
remission in a significant subset of patients. Good candidates for this are typically 
younger patients or patients with thymomas. While it is not fully understood why 
thymectomy leads to remission of myasthenia gravis, it likely involves removal of 
an antigenic stimulus that triggers the production of autoantibodies. When patients 
undergo thymectomy, a significant consideration is they will typically not have 
immediate disease remission and may have postoperative myasthenic exacerbations 
and require postoperative mechanical ventilation.

 Lesson 5: Preoperative Management of Myasthenia Gravis

There are a number of important considerations prior to beginning any anesthetic 
in a patient with myasthenia gravis (Fig. 21.7). First, is the disease optimized? If 
the patient has significant symptoms and the case is elective, the patient may ben-
efit from a course of preoperative IVIG and appropriate adjustment of medication. 
Close follow-up with their primary neurologist should be routine before surgery.

A careful review of medical history is critical as approximately 12% of myas-
thenic patients have coexisting autoimmune disease [3]. These may include autoim-
mune thyroiditis, rheumatoid arthritis, and others that may substantially affect your 
anesthetic plan (Table 21.5).

Some practitioners would consider pulmonary function testing, which may serve 
as a baseline for ICU management in case postoperative mechanical ventilation 
should be required. Optimally, the anesthesiologist should have a frank discussion 

Table 21.4 Treatment of myasthenia gravis

Therapy Mechanism of action Complications

Acetylcholinesterase inhibitors Increase 
acetylcholine in 
NMJ

Cholinergic effects: bradycardia, 
increased gut motility, secretions

Steroids Immune 
suppression, slows 
disease progression

Myopathy, glucose intolerance, 
osteoporosis, infection, etc.

Immune modulators (e.g., 
azathioprine, cyclosporine, 
mycophenolate)

Immune 
suppression, slows 
disease progression

Variable depending on agent

Intravenous immunoglobulin Short-term immune 
modulation

Headaches, allergy, thromboembolism

Plasmapheresis Autoantibody 
clearance

Vascular access placement 
complications (e.g., pneumothorax, 
hematoma), infection, thrombosis, 
central vein stenosis

Thymectomy: videoscopic, 
transcervical, or transsternal

Removal of 
antigenic stimulus

Postoperative ventilation, incomplete 
resection
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with the patient about what to expect at the end of surgery, so that the patient is men-
tally prepared to remain intubated, while strength and responsiveness is assessed in 
the operating room.

In terms of medication regimen, most authors recommend continuing their usual 
regimen without any changes the day of surgery. Routine acetylcholinesterase taken 
by the patient should not affect the dose of reversal given for any intraoperative 
neuromuscular blockade. Finally, it is probably wisest to avoid any sedatives pre-
operatively in case the patient has subtle, subclinical oropharyngeal or respiratory 
compromise.

Preop

• Disease optimization
• Consider IVIG
• Careful history
• Consider PFTs
• Continue usual
 medications
• Avoid routine
 sedatives

• Minimize or avoid NMB
• Appropriate twitch
 monitor use and
 placement
• Consider quantitative
 TOF

• Ensure full recovery →
 extubation
• Watch for myasthenic
 crisis
• Monitored bed after
 PACU

Intraop Postop

Fig. 21.7 Summary of anesthetic management of myasthenia gravis. IVIG intravenous immuno-
globulin, PFT pulmonary function test

Table 21.5 Autoimmune diseases coexisting with myasthenia gravis

Disease Sequelae with anesthetic implications
Rheumatoid arthritis Atlantoaxial instability, TMJ dysfunction, pericarditis, coronary arteritis, 

aortic insufficiency, pulmonary fibrosis, pleural effusions
Systemic lupus 
erythematosus

Renal dysfunction, esophageal dysmotility, cardiac conduction 
abnormalities, coronary arteritis, pulmonary hypertension, 
antiphospholipid antibodies

Scleroderma Myofibrosis, heart failure, pulmonary hypertension, renal dysfunction, 
esophageal dysmotility, limited mouth opening, limited neck mobility

Inflammatory 
myopathies

Sensitivity to non-depolarizing muscle blockade, hyperkalemia from 
succinylcholine, cardiac dysfunction

Grave’s disease Dysrhythmias, heart failure, hypertension, thyroid storm
Autoimmune 
thyroiditis

Bradycardia, decreased cardiac contractility, hypotension, hypothermia

Addison’s disease Refractory hypotension, hyperkalemia

TMJ temporomandibular joint
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 Lesson 6: Intraoperative Management of Myasthenia Gravis

Myasthenic patients are relatively resistant to succinylcholine [8] and extremely 
sensitive to nondepolarizing neuromuscular blockers [9–11]. Careful thought should 
be given to ways of avoiding neuromuscular blockade. Neuraxial and regional anes-
thesia are safe and effective alternatives to general anesthesia [1, 12]. If general is 
required, neuromuscular blockade may be possible to avoid altogether. Good intu-
bating conditions can be obtained with an inhalational induction or high-potency 
opioids. Volatile anesthetics have inherent muscle-relaxing properties, while boluses 
of alfentanil or remifentanil are induction agents that provide moderately good intu-
bating conditions when avoidance of neuromuscular blockade is needed [13–17].

Despite these alternatives, neuromuscular blockade may be necessary to improve 
surgical conditions. The need for effective monitoring of blockade depth and recov-
ery cannot be overemphasized.

Typical sites of monitoring neuromuscular blockade depth are the facial and 
ulnar nerves. The former is convenient, and loss of facial twitching is a reliable indi-
cator of adequate intubating conditions for induction. The adductor pollicis muscle 
regains function after the diaphragm, so the ulnar nerve is a good site to monitor for 
emergence. A commonly unrecognized factor in train-of-four monitoring is the cor-
rect polarity of the lead placement (Fig. 21.8). Correct placement ensures maximum 
response to the applied stimulus.

Fig. 21.8 Twitch monitor 
placement. Monitoring 
facial nerve (top panel) and 
ulnar nerve (bottom panel). 
Depicted polarity ensures 
maximal response. 
(Adapted from Dillon [3]. 
With permission from 
Thieme)
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Monitoring neuromuscular blockade recovery is essential, especially in patients 
who are already at risk of having postoperative weakness. There are several tests 
used today for monitoring recovery: crude strength testing such as sustained head 
or leg lift, qualitative train-of-four, sustained tetany, and quantitative train-of-four. 
The literature is rife with studies demonstrating that subjective tests of recovery 
(i.e., qualitative train-of-four, sustained tetany, head lift) can be unreliable indica-
tors of full recovery [18–20]. Conversely, multiple recent studies have shown that 
 quantitative train-of-four monitoring significantly reduces the risk of residual paral-
ysis in surgical patients [21–23].

 Lesson 7: Myasthenia Gravis and Risk of Postoperative 
Ventilation

Leventhal and colleagues published a landmark paper in 1980 that identified risk 
factors for postoperative ventilation in patients undergoing transsternal thymec-
tomy (Table 21.5). In order of significance, these risk factors were disease dura-
tion greater than or equal to 6 years, history of chronic respiratory disease, daily 
pyridostigmine dose greater than 750 mg, and vital capacity less than 2.9 l [24]. 
These risk factors formed the basis of risk assessment for anesthesiologists from 
that point forward.

These exact criteria may not be broadly applicable to myasthenic patients under-
going other surgical procedures or the more commonly performed transcervical or 
videoscopic thymectomy, which are associated with less respiratory dysfunction 
[25, 26]. Nevertheless, the Leventhal criteria serve as a good foundation of risk 
assessment for the anesthesiologist.

 Lesson 8: Myasthenic Crisis and Cholinergic Crisis

Myasthenic crisis is a sudden and life-threatening exacerbation of myasthenia gra-
vis with respiratory distress or failure. It can be precipitated by physiologic stress 
such as surgery, infection, or emotional stress. During myasthenic crisis cholines-
terase inhibitors often have decreased effectiveness.

Cholinergic crisis is characterized by excess acetylcholine at the NMJ due to 
excessive cholinesterase inhibitor dose. This can cause generalized weakness and 
even respiratory failure in severe cases.

The two crises can be difficult to differentiate. The first step in differentiation is 
a careful history. Patients with recent up-titration of pyridostigmine are at higher 
risk of cholinergic crisis. Postoperatively, myasthenic crisis is more common as the 
patient has undergone a major recent stressor. When in doubt, the two crises can 
at times be differentiated by giving a small dose of edrophonium. In myasthenic 
crisis, edrophonium may temporarily improve symptoms, while it will worsen a 
cholinergic crisis [12].
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Both myasthenic and cholinergic crises may require mechanical ventilation for 
respiratory failure. In myasthenic crisis, treatment may involve IVIG, steroids, and 
supportive therapy. In cholinergic crisis, the treatment is simply withdrawing anti-
cholinesterase drugs.

Since patients with myasthenia gravis are at risk from developing myasthenic 
crisis or postoperative respiratory difficulty, it is best that they are transferred to a 
monitored bed after recovery in the PACU.
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Chapter 22
Massive Hemorrhage After Dilatation 
and Curettage

Jessica G. Hollingsworth and Luis M. Rivera

In anesthetic practice sometimes even minor procedures can result in life- threatening 
situations. In this chapter the diagnosis and management of massive uterine bleed-
ing after dilation and curettage is discussed.

 Case Description

The patient is a 38-year-old woman, with a history significant for a self-reported 
severe bleeding episode during a prior breast augmentation. This was thought to be 
secondary to an underlying, undiagnosed bleeding disorder, although testing for this 
was not done (L-1). Her family history was negative for any bleeding disorders. The 
patient denied taking any current medications or having any drug allergies. She had 
a dilation and evacuation with curettage at 16 weeks of gestation under ultrasound 
guidance at an outside clinic and had brisk vaginal bleeding immediately follow-
ing the procedure. The patient was given 0.2  mg methylergonovine (methergine) 
intramuscularly, misoprostol 800 mcg per-rectum, and oxytocin intravenously, and 
a uterine balloon was placed with 80 ml of normal saline to help tamponade the 
bleed. The patient was then sent to our facility for definitive treatment of postsurgical 
vaginal bleeding.

The patient was admitted to the floor unit. Initial laboratory results including 
hemoglobin (Hgb), hematocrit (Hct), platelets (PLT), fibrinogen (FGN), interna-
tional normalized ratio (INR), prothrombin time (PT), partial thromboplastin time 
(PTT), and hemodynamic values all remained stable and within acceptable limits 
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for the first hospital day. Since the bleeding had seemed to cease, the obstetrics 
team slowly deflated the uterine balloon on hospital day 2. Shortly after the balloon 
was deflated, the patient had sudden vaginal hemorrhage, with approximately 2 l of 
blood in the bed. She was taken emergently to the operating room for a dilation and 
curettage (D&C).

General endotracheal anesthesia was induced uneventfully. The patient had two 
large-bore peripheral IVs attached to fluid warmers, placed prior to induction, and 
an arterial line placed after induction. Two units of packed red blood cells (PRBCs) 
and one unit of fresh frozen plasma (FFP) were administered shortly after induction. 
As the patient was being prepared for surgery, the surgical team notified the anesthe-
siologist that there was continued “oozy, watery” bleeding. Additional methergine 
and carboprost tromethamine (hemabate) were administered intramuscularly, and a 
massive transfusion protocol was initiated (L-2).

Approximately 20 min into the case, the patient had an acute drop in blood 
pressure with mean arterial pressures dropping from 80 to 40 mmHg. In addi-
tion, there appeared to be a slight upslant in the capnogram waveform that had 
previously been flat. During this event, the patient’s heart rate remained in the 
range of 80–90 beats per minute and remained in normal sinus rhythm, and 
pulse oximetry readings remained at 100% saturation. At this time, the patient 
was immediately placed on 100% fractional inspired oxygen concentration 
(FiO2), and phenylephrine and vasopressin boluses were given with recovery 
of mean arterial pressure to a value of 80 mmHg. While transfusions continued 
to be given, an additional 14-gauge peripheral IV was placed in the external 
jugular vein. Blood specimens were sent to the laboratory, extra anesthesia help 
was called for, and a transesophageal echocardiogram (TEE) was brought into 
the room.

As continued resuscitation was underway, a second anesthesia provider assisted 
with TEE, which showed adequate wall motion function, an adequate volume sta-
tus, and no valvular or structural abnormalities. Lab results were significant for 
a fibrinogen decreased from 248 to 152  mg/dL, platelets decreased from 128 to 
68 × 109/L, a hemoglobin stable at 8 g/dL, and a hematocrit stable at 24%. A throm-
boelastogram (TEG®) was interrupted before the fibrinolysis phase had concluded 
and, therefore, was inconclusive. However, it showed an initial shortened R interval 
with a normal alpha angle and maximum amplitude (MA) (L-3, L-4).

Meanwhile, the surgical team continued to experience surgical bleeding, and the 
decision was made to convert from a D&C to an open hysterectomy (L-5, L-6). The 
surgeons then saw evidence of a partial perforation of the right posterior uterine 
wall near the broad ligament. At the completion of the hysterectomy, the bleeding 
had ceased. The patient’s trachea was extubated at the end of the procedure, and the 
patient was taken to the postanesthesia recovery area.

During the surgical course, the patient received a total of eight units of packed 
red blood cells, four units of platelets, seven units of fresh frozen plasma, two units 
of cryoprecipitate, and 1.5 L of lactated ringers, with an estimated blood loss of 
4.6  l. Subsequent hospital course was uneventful with no further bleeding. The 
patient was discharged home on postoperative day 3.
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 Lessons Learned

 L-1: General Causes of Intraoperative Bleeding and a Review 
of von Willebrand Disease (vWD)

There are many possible reasons for intraoperative bleeding. These include surgical 
trauma, other trauma, inherited coagulopathies, and acquired coagulopathies. Acquired 
coagulopathies can result from ingestion of medications (e.g., aspirin), herbal supple-
ments (e.g., excessive garlic), pathologic processes (e.g., disseminated intravascular 
coagulation, primary fibrinolysis, and iatrogenic dilutional from fluid resuscitation).

Although our patient did not have any significant family history or laboratory test-
ing to verify a preexisting bleeding disorder, her personal history of excessive bleeding 
with prior surgical procedures could be an indicator of an underlying disorder of hemo-
stasis. von Willebrand disease (vWD) is one of the most common causes of inherited 
bleeding disorders with about 1% of the population being affected [1]. von Willebrand 
factor (vWF) is a protein which is synthesized in endothelial cells and secreted into 
the vessel lumen. vWF serves as a carrier for factor VIII. In addition, it plays a role in 
platelet adhesion and binding to endothelial components, serving an essential role in 
hemostasis [2]. vWD results from a qualitative or quantitative deficiency of vWF, lead-
ing to impaired hemostasis and subsequently to an increased propensity for bleeding.

vWD can be inherited or acquired. There are three types of inherited vWD (see 
Table 22.1).

 Type 1 vWD

Type 1 vWD has an autosomal dominant inheritance and is the most common form 
of vWD.  It is characterized by a partial quantitative deficit of vWF.  Treatment 

Table 22.1 Classification of inherited von Willebrand disease subtypes

Type Inheritance Pathophysiology Effect of DDAVP

Type 1 Autosomal 
dominant

Partial quantitative deficiency of 
vWF

DDAVP helpful

Type 2 (2A, 
2B, 2M, 
2N)

Autosomal 
dominant

Qualitative defects 2A: DDAVP helpful
2A: dysfunction in platelet 
adhesion

2B: DDAVP contraindicated 
will cause thrombocytopenia

2B: increased platelet binding, 
leading to thrombocytopenia

2M: DDAVP may help

2M: dysfunction in platelet 
adhesion

2N: DDAVP may help

2N: decreased affinity and levels 
of factor VIII

Type 3 Autosomal 
recessive

Complete quantitative 
deficiency of vWF

DDAVP unlikely to help
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involves administration of desmopressin (DDAVP) prior to elective surgical proce-
dures. DDAVP causes increased vWF release from endothelial cells and increased 
levels of factor VIII for up to 12 h [2].

 Type 2 vWD

Type 2 vWD has an autosomal dominant inheritance pattern as well; however it 
results in a qualitative defect in vWF. There are four type 2 subtypes depending 
on the functional deficit (2A, 2B, 2M, 2N). 2A and 2M are both variants in which 
defective vWF activity results in problems with platelet adhesion. Types 2A and 2M 
show variable responses to DDAVP treatment [2]. However, DDAVP treatment is 
still recommended.

Type 2B is characterized by a defective vWF that has enhanced affinity for recep-
tors on the surface of platelets [1]. The increased binding of this defective vWF to 
platelets results in increased cleavage and clearance of the complexes, leading to 
thrombocytopenia [1]. Treatment of type 2B vWD with DDAVP is contraindi-
cated as it will release more dysfunctional vWF, promoting thrombocytopenia.

Type 2N involves a defective vWF with decreased ability to bind factor VIII. This 
results in a marked decrease in serum factor VIII levels and associated issues with 
hemostasis [1]. Because of the associated decrease in factor VIII, type 2N subtype 
is often confused with hemophilia A. DDAVP may show some benefit for type 2N 
vWD.

 Type 3 vWD

Type 3 vWD has an autosomal recessive inheritance pattern and is the most rare 
form of vWD. It is characterized by a complete to severely depressed quantitative 
deficit of vWF and a significant reduction in factor VIII [3]. Patients with type 3 may 
present with history of spontaneous bleeding and/or severe bleeding in response to 
trauma. Because the quantitative deficit of vWF is so severe in type 3, DDAVP 
is unlikely to show any benefit. These patients will need treatment with plasma- 
derived vWF, and factor VIII concentrates in response to bleeding.

Acquired vWD

Impaired function of vWF can be acquired secondary to various disease processes 
such as certain malignancies, leukemias, or autoimmune disorders. It has also been 
seen in association with some drug side effects and in high vascular flow states 
such as with ventricular assist devices or extracorporeal membrane oxygenation [2]. 
Treatment involves discontinuing the offending drug and/or treating the underlying 
precipitating disease process. DDAVP or antifibrinolytic administration may also be 
helpful in limiting perioperative bleeding [1].
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Depending on the subtype and severity, many patients with vWD may not have 
clinically significant bleeding issues, allowing their disease to go undiagnosed. 
Most cases of vWD are not diagnosed until after a work up is done in the setting of 
recurrent bruising or prolonged bleeding from minor surgeries or menstruation [2]. 
There are three primary criteria for the diagnosis of vWD (1) a history of mucosal 
bleeding, prolonged bleeding after surgical procedures or postpartum hemorrhage, 
(2) a family history of bleeding disorders, and (3) a reduced activity of vWF dem-
onstrated by laboratory assays [1].

In the case being discussed, the patient had only one of the criteria used to diag-
nose vWD. It is best to have a definitive diagnose of vWD and the subtype prior to 
treatment with DDAVP. Depending on the subtype, DDAVP may not help at all or, 
at worst, as is the case with subtype 2B, will exacerbate bleeding and thrombocy-
topenia. Therefore, blind administration of DDAVP for an unknown coagulopathy 
should not be done.

In our case, there is uncertainty as to whether the patient’s coagulopathy has a 
component of an inherited vWD, another acquired coagulopathy, or a coagulopathic 
process due to massive blood loss and transfusion (L-2, L-4, L-5). Surgical treat-
ment of the bleeding source or of the underlying hemostasis disorder, if known, 
should be done. In our case, surgical hysterectomy, after the discovery of the uter-
ine perforation, facilitated hemostasis. Blood product and factor replacement was 
dictated by blood loss in our case, and this may be the best plan for a patient until a 
definitive diagnosis for the coagulopathy can be obtained.

 L-2: Coagulopathies Associated with Massive Transfusion

There are variable definitions of massive transfusion.
The most practical definition from the perspective of an anesthesiologist in an 

intraoperative setting is the requirement of greater than four units of packed red 
blood cells (PRBCs) infused over a 1-h period with an ongoing need for transfu-
sion [4].

Although massive hemorrhage in itself can induce coagulopathies (see L-5), the 
process of massive transfusion can also impair hemostasis. The phases of resuscita-
tion with potential for aggravation of coagulopathies can be broken down into two 
main categories: (1) Initial fluid resuscitation and the steps taken during sudden 
massive bleeding. (2) Problems associated with the transfusion of large amounts of 
blood products.

 Initial Fluid Resuscitation

Intravenous fluids (IVF) are often the first approach to compensate for blood loss 
prior to the arrival of blood products. Both crystalloids and colloids in large amounts 
will dilute coagulation factors, hemoglobin, and platelets [5]. In addition, rapid 
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administration of unwarmed fluids can cause hypothermia, which will slow down 
enzymatic functions essential to the coagulation cascade. It is estimated that there is 
a 10% reduction in coagulation function for every 1 °C decrease in temperature [6].

Beyond hemodilution and hypothermia, the administration of crystalloids and 
colloids can impair coagulation in other ways. With excessive administration of 
isotonic crystalloids such as sodium chloride (NaCl), a hyperchloremic, non-anion- 
gap metabolic acidosis can develop. This is due to dilution of the preexisting bicar-
bonate, high chloride levels, and a decrease in renal bicarbonate reabsorption as a 
result of volume expansion. This acidosis will affect enzyme kinetics essential for 
the proper function of the coagulation cascade.

Colloids, in general, have the same risks of hemodilution and hypothermia as 
crystalloids. Colloids, including hydroxyethyl starch solution, gelatins, and dextrans 
(although no longer widely used), have some disadvantages relating to hemostasis. 
The mentioned colloids can impair platelet function by reducing glycoprotein IIb/
IIIa availability, inhibit fibrin polymerization, and induce an acquired vWD (see L-1) 
by causing a reduction in factor VIII and vWF [5]. The more widely used colloid, 
human albumin, demonstrates decreased clot growth and strength on TEG® analysis, 
however not to the same degree as the previously mentioned colloids [7]. Despite the 
decreased clot strength demonstrated in the setting of human albumin, this has not 
shown to affect the degree of blood loss when compared to crystalloid solutions [8].

Withholding fluids is not a recommended option as this leads to low tissue 
perfusion. Low perfusion states result in interstitial edema, lactic acidosis, and 
impairment of microcirculation [6]. In addition, hypoperfusion leads to increased 
thrombomodulin expression which then complexes with thrombin, decreasing pro-
duction of fibrin and increasing production of the anticoagulant protein C, all of 
which worsen coagulopathy (see L-5) [4].

In the case being discussed, prior to the arrival of replacement blood products, 
temporizing measures utilized to treat hypotension included both resuscitation with 
crystalloid fluids and treatment with vasopressor medications. The early use of 
vasopressors during hemorrhage has a useful role in quickly restoring hemodynam-
ics and vital organ perfusion. In addition, small doses of vasopressors reduce the 
overall fluid requirement and the complications associated with initial fluid replace-
ment as discussed above [9]. Although vasopressors may serve a beneficial tem-
porizing role during hemorrhage, balanced fluid and blood product administration 
remains the mainstay of treatment [9].

 Resuscitation with Blood Products

As is the case with the rapid administration of unwarmed crystalloids and colloids, 
the rapid administration of unwarmed blood products can lead to a hypothermia that 
can impair coagulation. Relative dilution of coagulation factors and platelets is also 
a concern in the case of unbalanced product administration. In the setting of mas-
sive transfusion, early use of FFP, PRBCs, and platelets is supported. However the 
American Association of Blood Banks does not endorse a preset FFP:PRBC ratio [5].
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Transfusions of large volumes of stored blood can lead to various metabolic 
consequences, which can impair coagulation. Citrate is added to stored blood 
products as an anticoagulant. Normally, the liver is able to metabolize the citrate 
in blood products. However, with excess citrate during a massive transfusion, the 
liver cannot keep up, and citrate toxicity can develop. Unmetabolized citrate binds 
serum calcium and magnesium leading to hypocalcemia and hypomagnesemia [4]. 
Because adequate magnesium levels are needed for release of serum calcium, hypo-
magnesemia exacerbates hypocalcemia. Low serum calcium not only depresses car-
diac function, but calcium is also essential for the formation of coagulation factors. 
Therefore, deficits in calcium can promote increased bleeding. The longer blood is 
stored, the higher the acid content of the product becomes. This is secondary to gly-
colysis by red blood cells over time. Acidosis impairs enzyme activity and depresses 
the activity of both the extrinsic and intrinsic coagulation pathways, contributing to 
impaired hemostasis [4].

In the case being discussed, massive hemorrhage was encountered leading to 
hemodynamic instability. Both the act of fluid and blood product resuscitation and 
the physiology of massive hemorrhage in itself (see L-3) can impair coagulation 
and worsen bleeding. Despite this, there are steps that can be taken to lessen these 
effects.

 1. Avoiding hypothermia
Fluid warmers should be utilized for large-volume fluid and product replace-

ments or when blood loss is anticipated. In addition, forced air surface warmers 
or a warmed operating room can help to reduce radiative and convective heat 
losses.

 2. Avoiding hemodilution
Balanced fluid and early use of blood products is recommended. Initiation of 

a massive transfusion protocol, as seen in our case, helps to expedite delivery of 
blood products. Calling for an extra anesthesia provider to help place IVs, draw-
ing blood specimens for laboratory analysis, and verifying correct compatibility 
of blood products can also facilitate the resuscitation process.

 3. Avoiding hypoperfusion
Low perfusion states worsen coagulopathy and may cause end-organ dys-

function. Balanced fluid and blood product administration are ideal treatment for 
volume loss due to bleeding. However, as seen in our case, temporizing measures 
with vasopressor administration may help in avoiding low perfusion states that 
could potentially cause end-organ ischemia and aggravate coagulopathy. Arterial 
line placement when anticipating large blood loss is helpful in closely monitor-
ing hemodynamics and serial blood sampling. In the case being discussed, large- 
bore IV access established prior to induction, and the additional large-bore 
14-gauge peripheral IV access placed in the external jugular vein, facilitated 
rapid volume resuscitation and avoidance of prolonged hypoperfusion.

 4. Avoiding metabolic disturbances
Acidosis impairs enzyme function and worsens coagulopathy. Being cognizant of 

the risk of a potential metabolic acidosis with large-volume NaCl or with aging blood 
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products is important. Severe acidosis may have to be corrected with bicarbonate. 
Early administration of magnesium and calcium with the anticipation of hypomag-
nesemia and hypocalcemia, respectively, when multiple blood products are given, is 
also necessary. Having an arterial line placed early facilitates frequent blood chemis-
try monitoring and early correction of any developing metabolic disturbances.

 L-3: What Is a Thromboelastogram (TEG®) and What Is Its 
Utility During Massive Hemorrhage?

As opposed to other methods of measuring the degree of blood coagulation, which 
look at static components of the coagulation cascade in isolation, TEG® evaluates 
the dynamic process of hemostasis by recording clot development, stabilization, and 
dissolution in whole blood. The test is done by obtaining a sample of whole blood, 
which is then placed in a heated cup containing a sensor pin. In a TEG®, a cup contain-
ing the blood sample moves around a pin, whereas in a rotational thromboelastogram 
(ROTEM®), the cup remains static, while the pins move around, while the blood clots. 
The resistance to oscillation with clot formation is transmitted in the sensor pin and 
converted into an electrical signal. A computer uses this signal to create a graphical and 
numerical depiction of clot formation [1]. Although the two systems operate differently 
and use different terminology, they provide clinically equivalent information.

A graphical representation of a TEG® (see Fig. 22.1) can be used to evaluate 
different stages of coagulation. Parameters of measurement on the TEG® include 
R-time, K-time, alpha (α) angle, maximum amplitude (MA), and clot lysis at 30 min 
(LY30).

• R-time: The R interval measures the time of initial fibrin clot formation. The 
crosslinking of fibrin depends on the function of coagulation factors and thus the 
r-time is a reflection of this.

• K-time: The K-time represents the time required to achieve a clot strength of 
20 mm. Amplification and buildup of the clot is also a reflection of the function 
of coagulation factors.

• α-Angle: Measures the slope between the R and K values representing the rate of 
clot formation. This speed is a reflection of fibrin buildup, crosslinking, fibrino-
gen function, and coagulation factors.

• Maximum amplitude: MA, which is the widest portion of the tracing, represents 
the overall strength of the fibrin clot. It is the result of fibrin and platelet binding 
and correlates clinically to platelet function.

• LY30: LY30 is the percentage of amplitude decrease 30 min after the peak of the 
MA.  LY30 therefore represents clot stability and the dynamic process of 
fibrinolysis.

TEG® analysis has been shown to be useful for guiding transfusion therapy and 
reducing the use of blood products in both liver transplantation and cardiac surgery 
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[10]. In addition, TEG can help in dictating appropriate transfusion therapy in other 
situations involving complex bleeding such as massive hemorrhage with consump-
tive or dilutional coagulopathy [1]. However, threshold TEG® values justifying 
transfusion in trauma bleeding have not been conclusively identified [10]. TEG® is 
not a substitute for conventional lab tests of hemostasis. It is, however, an additional 
tool that may be useful in guiding appropriate transfusion therapy for trauma and 
massive hemorrhage.

In the case being discussed, TEG® was an additional test used to aid in resuscita-
tion. The shortened R interval, indicating rapid clot onset, could be a reflection of 
the hypercoagulable state of pregnancy or of the recent transfusions that had been 
given. The normal MA, despite the lab values showing a quantitative decrease in 
platelets, indicates adequate strength of the fibrin clot and a qualitative reflection 
of platelet function. Because the TEG® analysis from the blood sample sent intra-
operatively was interrupted, there is not a value given for LY30, and the degree of 
fibrinolysis is unable to be interpreted.

 L-4: Disseminated Intravascular Coagulation (DIC)

DIC is a process resulting in systemic activation of pathways regulating coagulation 
[11]. This non-focal response of the coagulation cascade provokes a dynamic state, 
which can result in both uncontrolled bleeding from multiple sites and thrombosis 

R

20 mm MA LY30

K

α angle

Fig. 22.1 A graphical representation of a normal TEG®. (Adapted from da Luz et al. [10]. With 
permission from Creative Commons License 2.0: https://creativecommons.org/licenses/by/2.0/)
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leading to microvascular ischemia or end-organ damage [12]. Identifying DIC clini-
cally is not always straightforward since other coagulopathic disorders can pres-
ent similarly with either hypocoagulation or hypercoagulation. For this reason, the 
International Society of Thrombosis and Hemostasis (ISTH) has developed a widely 
validated scoring criteria for identifying overt DIC which takes into consideration 
both clinical and laboratory data (Table 22.2).

DIC does not occur in isolation. An underlying clinical disorder is an essential 
requirement for the diagnosis of DIC. Conditions predisposing to DIC include, 
but are not limited to, sepsis, amniotic fluid embolism, preeclampsia, malignancy, 
and placental abruption. Tissue damage from trauma and hypoperfusion from 
blood loss are also factors that can worsen DIC and are relevant in the surgical set-
ting [12]. In addition, the International Society on Thrombosis and Haemostasis 
(ISTH) scoring criteria (vide infra) takes into consideration particular coagulation 
tests: platelet count, fibrin degradation products, fibrinogen levels, and prothrom-
bin time (PT).

Laboratory studies in isolation for the diagnosis of DIC are not adequate. 
However, as established by the ISTH algorithm, there are common laboratory 
abnormalities associated with DIC. A downward trend in platelet count is the most 
common laboratory finding associated with DIC, with thrombocytopenia occurring 
in 98% of cases [11].

Fibrin degradation products (D-Dimers) may be increased in DIC.  However, 
many conditions can cause an increase in fibrin degradation markers, including preg-
nancy and recent surgery. Therefore this test is less specific in the diagnosis of DIC.

Fibrinogen levels are also commonly assessed in the evaluation of DIC. Decreased 
fibrinogen levels are expected in the presence of DIC, which causes ongoing 
 consumption of coagulation factors. However, fibrinogen is also an acute-phase 
reactant- increased production of fibrinogen can be observed during physiological 
stress. Therefore, decrease in fibrinogen level has low (28%) sensitivity in the diag-
nosis of DIC [11].

Consumption of coagulation factors and low perfusion damage to the liver result-
ing in impaired coagulation factor synthesis are both events that can contribute to a 
prolonged PT. However, increased production of clotting factors in the setting of a 
bleeding diathesis can result in a normal or shortened PT. Low PT is seen in around 
50–60% of DIC cases [11].

Table 22.2 ISTH scoring criteria for diagnosing DIC

Clinical condition predisposing to DIC? Essential

Platelet count (×10^9/L) >100=0, <100=1, <50=2
Fibrin degradation-related markers Mod increase=2, strong increase=3
Fibrinogen (g/L) >1=0, <1= 1
PT (s) <3=0, 3–6= 1, >6=2
DIC diagnosis ≥5
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TEG® analysis, with its dynamic evaluation of hemostasis, could be helpful in 
guiding transfusion therapy. However, cutoff points in establishing a diagnosis for 
DIC have not yet been identified (see L-3).

In the case being discussed, the diagnosis of DIC could not be clearly estab-
lished. Known coagulation changes are seen in normal pregnancy, including eleva-
tions in numerous coagulation factors. Specifically, a woman in the second trimester 
would be expected to have a fibrinogen level elevated to about 291–538 mg/dL, as 
opposed to 233–496 mg/dL in a nonpregnant individual [13].

In order to adjust for the coagulation changes seen during pregnancy, a revision 
to the ISTH DIC scoring system was proposed by Clark et al. [14]. Their scoring 
criteria eliminate the need for fibrin markers, which are universally elevated in preg-
nancy and the postpartum period. In addition, they increase the cutoff for fibrinogen 
levels to compensate for the increased levels seen in pregnancy [14].

With these revised criteria, the diagnosis for DIC in our case becomes a possi-
bility. A definitive diagnosis, however, is unable to be made in the setting of likely 
coagulation profile changes seen in the setting of massive hemorrhage and massive 
transfusion (see L-2, L-5).

 L-5: Coagulopathy Associated with Massive Hemorrhage

Problems with hemostasis during massive hemorrhage are more than just the con-
sequences of resuscitation with fluids, colloids, and blood products as mentioned 
above (see L-2). Although clotting factors can become depleted in massive hemor-
rhage, the coagulopathy associated with major blood loss is sometimes seen without 
major depletion of factors and in the absence of significant fluid administration or 
hypothermia [14].

The coagulopathy secondary to massive hemorrhage is multifactorial. Although 
the exact mechanism causing the coagulation derangements is unknown, it is 
thought that tissue trauma and systemic hypoperfusion cause a global anticoagu-
lated and hyperfibrinolytic state [15].

Tissue hypoperfusion diverts thrombin from fibrin formation to the production 
of activated protein C generation [15]. Activated protein C exerts an anticoagulant 
effect by inactivating factor Va and factor VIIIa [6]. In addition, increased activated 
protein C will deactivate plasminogen activator inhibitor (PAI-1), causing increased 
fibrinolysis. Plasma tissue plasminogen activator (tPA), an anticoagulant, has an 
increased effect due to decreased breakdown by PAI-1.

Increased tPA production is also seen secondary to the stress response, as it is 
released directly from the endothelium and from the production of epinephrine, 
vasopressin, bradykinin, and other substances [5]. Overall, the coagulopathy seen 
secondary to massive hemorrhage results in a systemic pathologically anticoagu-
lated state and excessive fibrinolysis.
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 L-6: Strategy for When Encountering Intraoperative 
Coagulopathy with an Unknown Cause

The contributors to a coagulopathic state during massive hemorrhage can be mul-
tifactorial. Oftentimes, it is impossible to pinpoint an exact cause of a worsening 
coagulopathy. Prevention of a coagulopathy and treatment of identifiable contribu-
tors is the goal. Perioperative treatment with specific blood coagulation factors in a 
patient with a known coagulopathy, such as DDAVP, for specific subtypes of vWD 
would be ideal (see L-1). Balanced fluid and blood product administration, while 
staying aware of coagulopathic issues inherent with massive transfusion and mas-
sive hemorrhage, can prepare the anesthesiologist and ensure proper planning and 
treatment (see L-2, L-5). Adequate temperature and acid-base balance control are 
mandatory.

Ultimately, surgical control of the bleeding source, which in our case was done 
with a hysterectomy after the discovery of a uterine wall laceration, is essential for 
bleeding control and preventing the spiral of a worsening coagulopathy.
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Chapter 23
Intraoperative Bradycardia and Asystole

Jessica G. Hollingsworth and Luis M. Rivera

Patient factors, surgical manipulation, and medications can all lead to sudden brady-
cardia and asystole in surgical patients. Preparedness, both cognitive and physical, 
is essential in the successful diagnosis and treatment of these potentially life-threat-
ening dysrhythmias.

 Case Description

The patient is a 71-year-old man, weighing 121 kg, with a body mass index (BMI) 
of 33 kg/m2. His history was significant only for Barrett’s esophagus and esophageal 
cancer. He was scheduled for laparoscopic robotic-assisted transhiatal esophagec-
tomy with endoscopic pyloric botox injection. He had no previous history of aller-
gies or anesthetic complications.

An epidural catheter for postoperative pain was not offered as the procedure 
was intended to be performed laparoscopically. General anesthesia was induced 
intravenously, and an endotracheal tube (ETT) was placed without incidence. His 
vital signs remained stable during induction. A radial arterial line was then placed 
and surgery began. General anesthesia was maintained with sevoflurane in air and 
oxygen. The patient remained hemodynamically stable throughout the beginning of 
surgery. However, the surgeons commented that surgical dissection was proving to 
be very difficult with the laparoscopic technique due to the patient’s obesity.

The decision was then made by the surgeons to convert to an open technique in 
an attempt to mobilize the esophagus through incisions in the mediastinum and the 
neck. As the surgeons started to tunnel through the mediastinum, there was an acute, 
1–2 s, episode of severe bradycardia during which the patient’s heart rate dropped 
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from approximately 60 beats per minute (BPM) to 30 BPM (L-1, L-2). The anes-
thesiologist alerted the surgeons of the incident, the surgeons ceased their manipula-
tion, and the patient’s heart rate returned to 60 BPM. The surgeons acknowledged 
that they were near the vagus nerve at the time. As a precaution in case of subse-
quent events, the anesthesiologist then obtained atropine from the anesthesia cart 
and placed it nearby (L-7).

Surgery continued for another 4 h, while the surgeons continued their dissec-
tion of the esophagus. Once the surgeons believed the esophagus was adequately 
mobilized, an 8 cm subxiphoid incision was made. With one surgeon at the patient’s 
chest and one at the neck, they attempted to free the distal esophagus by pushing 
up through the mediastinum and pulling the esophagus up proximally through the 
neck. As the surgeon pushed up through the mediastinum, there were occasional 
episodes of hypotension, with stable heart rate. During these hypotensive episodes, 
the patient’s blood pressure was supported adequately using intravenous (IV) phen-
ylephrine, ephedrine, and IV fluid boluses (L-3).

The surgeons then communicated that the esophagus was “stuck,” and at this 
point they then began to use more force to push and pull on the esophagus from 
above and below. At this time, the anesthesiologist prepared dilute epinephrine 
and placed it nearby. Suddenly, the esophagus was violently freed from the neck. 
During the forceful liberation of the esophagus, the heart rate dropped from 
80 BPM, to the 40 BPM range, to 0 BPM over about six to ten heart beats, and 
the arterial line tracing became flat, indicative of hemodynamic collapse (L-4). 
The surgeons were initially unaware of the acute hemodynamic change during 
their manipulation. However, the anesthesia provider immediately alerted them 
that the patient was asystolic and stated they need to begin chest compressions 
(L-5, L-6, L-7). As chest compressions were begun, 100 mcg of epinephrine was 
administered IV, yielding a return to normal sinus rhythm and blood pressure 
waveform within 20 s. The patient’s blood pressure and heart rate peaked post 
epinephrine to a maximum of about 220/100 mmHg and 140 BPM, respectively. 
A bolus of propofol was then given to counter these effects, and the patient’s 
blood pressure and heart rate returned to baseline after about 2 min. The rest of 
the case was uneventful. The patient’s trachea was left intubated at the end of 
the lengthy surgery, and the patient was transported to the intensive care unit. 
Postoperatively, he remained in stable condition, and his trachea was extubated 
the next day.

 Lessons Learned

 L-1: Managing Intraoperative Bradycardia

There are many mechanisms that can lead to intraoperative bradycardia (see L-2). 
One of the anesthesiologist’s most important roles is to quickly recognize hemody-
namic aberrations and treat them appropriately (Table 23.1).
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Sinus bradycardia is defined as a heart rate less than 60 BPM originating at 
the sinoatrial (SA) node. The first step when identifying intraoperative brady-
cardia is to assess its hemodynamic significance. Since an anesthetized patient 
is unable to communicate symptoms, the anesthesiologist must look for signs of 
poor perfusion caused by the bradycardia such as hypotension, reduction in the 
expired end-tidal carbon dioxide (ETCO2) concentration, decreases in oxygen 
saturation (O2sat), and other cardiac dysrhythmias. Concurrent conditions such 
as hypotension may also guide medication choices when treating bradycardia. 
Dysrhythmias such as third-degree heart block or ST segmental changes in the 
electrocardiogram (EKG) may prompt transcutaneous pacing or treatment for 
myocardial ischemia, respectively.

The surgical field should be scanned for contributing causes and the surgical 
team notified of the bradycardic event, especially if it is severe or associated with 
signs of inadequate perfusion. There may be surgical stimuli such as insufflation of 
the abdominal cavity during laparoscopy, viscus manipulation, pressure to the eye, 
or vena cava compression contributing to the hemodynamic change. The surgeon 
should be asked to cease the inciting stimulus until symptoms are treated. Timely 
discussion with the surgical team may prompt alterations in surgical approach when 
appropriate.

Treatment of symptomatic or hemodynamically significant bradycardia should 
not be delayed. Many of the steps discussed below must be performed simultane-
ously as treatment is underway (Table 23.1). Adequate ventilation must be confirmed 
and maintained, and the fraction of inspired oxygen (FIO2) should be increased to 
100% oxygen if not contraindicated. A call for help may be required to prepare 
medications or bring necessary equipment such as transcutaneous pacemaker or 
transthoracic echocardiogram (TTE) to the operating room (OR). Pharmacological 
treatment for symptomatic bradycardia should be initiated per ACLS guidelines [1], 
tailored to the intraoperative environment (Fig. 23.1). The initial treatment depends 
upon the severity of the hemodynamic compromise. In most cases, particularly 
those resulting from vagal activity, an atropine dose of 0.5 mg IV bolus along with 
asking the surgeons to discontinue the vagal stimulus is sufficient. Atropine may be 
repeated every 3–5 min up to a total of 3 mg. If atropine is unsuccessful, chrono-
tropic agents such as dopamine IV infusion of 2–10 mcg/kg/min or epinephrine IV 
infusion of 2–10 mcg/min can be started. Alternatively, transcutaneous pacing may 
be initiated. If neither transcutaneous pacing nor  chronotropic agents resolve the 
symptoms, steps should be taken to prepare for transvenous pacing.

In the case being discussed, the initial bradycardic event was relatively mild and 
was managed by simply having the surgeons discontinue traction on the esophagus. 

Table 23.1 Simultaneous 
interventions to be performed 
when managing 
intraoperative bradycardia

Determine hemodynamic significance
Scan surgical field and notify surgeon of hemodynamic 
changes
Ensure adequate ventilation and oxygenation
Provide pharmacological treatment or transcutaneous 
pacing as required
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Bringing the situation to the attention of the surgeons allowed them to identify the 
probable cause of the bradycardic event.

The later event was severe (asystole) with hemodynamic collapse, so it was 
immediately treated with an IV bolus of epinephrine.

 L-2: Discussion of Vagal Reflexes Causing Bradycardia

There are multiple possible etiologies for intraoperative bradycardia (see L-4). One 
important cause, which was relevant to this case, is vagal reflex. Traction applied to 
organs directly innervated by the vagus nerve or stimulation that activates a vagal 
efferent response as part of a reflex arc can result in sudden bradycardia. Specifically, 
the vagal-mediated responses discussed below include direct vagal nerve traction, 
oculocardiac reflex, the Bezold-Jarisch reflex, and the baroreceptor reflex.

Intraoperative Acute Bradycardia

Ventilation and Oxygenation Adequate?
-SaO2
-ETCO2

Manage Ventilation
and Oxygenation
-Oxygen Source

-Ventilator
Airway Patency
-Patient Factors
-Surgical Factors

Hypotensive?

Address Possible Surgical   
Factors

-Vagal Reflex: Oculocardiac, 
Visceral

Ephedrine, 5-50 mg IV
Epinephrine 10-100 mcg IV

Atropine 0.4 mg IV
Glycopyrrolate 0.4 mg IV 

Transcutaneous Pacing

No Yes

NoYes

Persistent

Call for help

Fig. 23.1 General algorithm for management of acute intraoperative bradycardia. Medication 
doses vary according to the severity of the situation, with the dose of epinephrine being as high as 
1 mg IV for severe, persistent cases. Severe, persistent bradycardia, asystole, or severe hypotension 
should prompt full ACLS resuscitation. Pharmacologic support may be needed, while airway/
ventilation/oxygenation issues are addressed
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 1. Vagus Nerve Traction
Applying traction to the peritoneum and viscera innervated by the vagus 

nerve (esophagus, intestines, testicles, ovaries, uterus), during surgical manipu-
lation, can result in a profound parasympathetic response resulting in bradycar-
dia or even asystole. This reflex bradycardia has been described during tissue 
deformation of viscera with various abdominal surgeries and during dilation and 
curettage (D&C) procedures involving peritoneal stretch and cervical dilation 
[2]. Rapid peritoneal insufflation may be a factor in triggering this response. 
However, in some instances direct surgical manipulation of abdominal viscera 
without pneumoperitoneum can result in a severe vagal reaction [3]. Frequently, 
ceasing the surgical stimulus that incited the event is enough to allow hemody-
namics to return to baseline, as was seen with the initial esophageal stimulation 
in our case. However, it is of utmost importance for the anesthesiologist to com-
municate significant hemodynamic changes with the surgeons and to prepare for 
further intervention if needed.

 2. Oculocardiac Reflex
The oculocardiac reflex describes a reflex arc involving the trigeminal nerve 

at the afferent limb and the vagus nerve at the efferent limb. The reflex is trig-
gered by pressure to the globe via external pressure or trauma, pressure from 
local anesthetic accumulation during a retrobulbar block, or by traction of 
extraocular muscles or orbital structures. Sensory nerve endings at the trigemi-
nal nerve send neuronal signals via the gasserian ganglion. These afferent fibers 
continue to the reticular formation where they connect with the efferent path-
way in the motor nucleus of the vagus nerve. The cardioinhibitory efferent 
fibers from the vagus nerve then terminate on SA and AV nodes and the myo-
cardium, provoking a negative chronotropic and inotropic response, resulting in 
bradycardia [4].

Although the oculocardiac reflex wasn’t involved in the case described, it is 
an important etiology to consider when encountering sudden bradycardia during 
ophthalmologic or sinus surgeries. The incidence of occurrence during provok-
ing surgeries is 16–82% depending on the study, with a higher incidence seen in 
the pediatric population [5]. Control of this dysrhythmia should first be managed 
as any intraoperative bradycardic event (see L-1). Frequently however, asking 
the surgeon to stop the inciting stimulus while ventilatory and anesthetic depth 
are optimized will be sufficient to return heart rate and rhythm to baseline [5].

 3. Bezold-Jarisch Reflex
The Bezold-Jarisch reflex (BJR) involves chemoreceptors and mechanore-

ceptors in the left ventricular (LV) wall. These receptors, when stimulated, com-
municate via unmyelinated vagal fibers that increase parasympathetic tone and 
inhibit sympathetic outflow resulting in the triad of hypotension, bradycardia, 
and peripheral vasodilation [6]. Mechanical mediators include an underfilled LV, 
such as the paradoxical bradycardia following profound hypovolemia seen 
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 during severe acute hemorrhage. Another common mechanical mediator is car-
diac wall deformations, which can be characteristic of an MI or during coronary 
reperfusion, in which case the BJR is thought to be cardioprotective [6]. 
Chemoreceptor activation of the reflex is less common intraoperatively and has 
been described in the setting of veratrum alkaloids and insect venoms. Treatment 
includes rapid restoration of volume deficits provoking the reflex. Pharmacologic 
management may often begin with an anticholinergic medication such as atro-
pine, however because concomitant hypotension and vasodilation often occur 
with BJR, drugs that are both chronotropic and inotropic, such as ephedrine or 
epinephrine, may be indicated.

 4. Baroreceptor Reflex
Arterial baroreceptor reflexes serve as a negative feedback loop for short-term 

blood pressure buffering in response to abrupt changes in blood volume, cardiac 
output, or peripheral resistance. Afferent receptors are found in the carotid sinus 
innervated by the glossopharyngeal nerve and in the aortic arch by the vagus 
nerve. Afferent receptors react to increases in stretch caused by elevations in 
blood pressure. Impulses carried by afferent fibers synapse at the medullary 
vasomotor center activating the efferent limb, which travels via the vagus nerve. 
Efferent vagal fibers then send signals inhibiting sympathetic outflow and 
increasing the parasympathetic response [4]. The end result of the increased 
stretch to the baroreceptors is vasodilation, lowered heart rate, and lowered blood 
pressure. Hemodynamic changes due to baroreceptor reflex are usually transient, 
however should be approached as any intraoperative bradycardia event (see L-1). 
After assuring adequate ventilation, oxygenation, and anesthesia, identifiable 
causative factors such as sustained intrathoracic pressures should be corrected 
and pharmacologic treatment with chronotropic agents initiated as appropriate.

 L-3: What Are Possible Mechanisms for Rhythm Changes 
During the Esophageal Manipulation Phase of Surgery?

During a transhiatal approach for esophagectomy, the esophagus is mobilized 
through a subxiphoid incision and neck incisions. This is done through blind manip-
ulation through the posterior mediastinum using blunt dissection. Thus, the patient 
is susceptible to dysrhythmias, while the surgeon manipulates the structures close 
to the heart (see Fig. 23.2). Dysrhythmias occur in 50–78% of patients during the 
manipulation phase of surgery [7, 8]. The contributors to rhythm changes seen dur-
ing transhiatal esophagectomy can be attributed to three main categories: stimula-
tion of the pericardium, vagal nerve stimulation, and atrial pressure or heart rotation.

 1. Touching the pericardium can induce dysrhythmias. The most commonly 
induced dysrhythmias seen are premature atrial contractions (PACs) and prema-
ture ventricular contractions (PVCs) [8].
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 2. Vagal nerve stimulation can induce dysrhythmias. The posterior surface of the 
pericardium is supplied by vagal input from the esophageal plexus. Stimulation 
during blunt dissection can cause bradycardia or rarely cardiac arrest [7, 8]. This 
was likely the predominant mechanism in the case being discussed.

 3. Blind surgical manipulation can cause atrial pressure and heart rotation leading 
to dysrhythmias. Atrial pressure interferes with cardiac filling and cardiac output 
leading to arterial hypotension. Prolonged or severe hypotension can result in 
impaired heart function or impaired coronary blood flow resulting in various 
associated cardiac rhythm changes [7].

Although surgical manipulation is unavoidable, it is the responsibility of the 
anesthesiologist to support hemodynamic changes and maintain effective commu-
nication with the surgeon. Some of the perturbations seen in our case during the 
manipulative phase include bradycardia and occasional hypotension. The anesthe-
siologist supported these changes effectively with occasional fluid boluses, phenyl-
ephrine boluses, and ephedrine boluses. If necessary, the surgeon should be notified 
of when manipulation should be paused, as hemodynamic changes are usually rap-
idly corrected with ceasing manipulation [7].

Fig. 23.2 Blunt dissection of 
esophagus through the 
posterior mediastinum during 
transhiatal esophagectomy is 
a blind procedure [9]. 
(Reprinted from Orringer [9]. 
With permission from 
Elsevier)

23 Intraoperative Bradycardia and Asystole



440

 L-4: What Are Some Common Causes of Intraoperative 
Bradycardia Leading to Hemodynamic Collapse?

Acute bradycardia can rapidly progress to asystole if left unmanaged. It is important 
to consider common causes of bradycardia leading to hemodynamic collapse (see 
Table 23.2) as it may direct subsequent management. Causes can be broken down 
into five main categories:

 1. Hypoxia: Problems with oxygenation and ventilation leading to hypoxia can 
result in severe bradycardia and cardiac arrest. An example is unrecognized 
esophageal intubation. Treatment with medications will not be successful until 
ventilation and oxygenation are restored.

 2. Medications: Many of the medications administered during anesthesia can result 
in bradycardia. They include beta blockers, digoxin, amiodarone, procainamide, 
calcium channel blockers, opioids, alpha 2 agonists, phenylephrine, succinyl-
choline, anticholinesterases, and overdose of local anesthetic (see Table 23.2).

Knowing a specific drug to be a causative agent can help guide secondary 
treatment, for example, beta blocker overdose can be treated with beta agonists 
or glucagon and local anesthetic toxicity with intralipid. In addition, an anaphy-
lactic reaction can be precipitated by many medications and can lead to rapid 
hemodynamic collapse.

 3. Acute vagal stimulation: Vagal reflex arcs leading to bradycardia are discussed 
previously (see L-2) and include oculocardiac reflex, Bezold-Jarisch reflex, and 
baroreceptor reflex. However, other mechanisms of vagal stimulation can occur 
such as with direct cardiac manipulation (see L-3), peritoneal distension 
 secondary to insufflation, bowel or gonadal manipulation, laryngoscopy, and 
bladder catheterization.

 4. Neuraxial anesthesia: A high spinal or epidural anesthetic can result in blockade 
of the cardiac accelerator fibers at levels T1-T4, resulting in uninhibited vagal 
response and resultant bradycardia. Apnea and loss of consciousness is attributed 
to decreased blood flow to the brain and the medullary ventilatory centers [10].

Table 23.2 Medication causes of bradycardia

Beta blockers (propranolol, metoprolol, 
esmolol, etc.)

Calcium channel blockers (diltiazem, 
verapamil, etc.)

Digoxin Amiodarone
Procainamide Flecainide
Adenosine Lithium
Alpha 2 agonists (clonidine, dexmedetomidine, 
methyldopa)

Opioids (fentanyl, alfentanil, etc.)

Phenylephrine Succinylcholine
Anticholinesterases (neostigmine, 
physostigmine, etc.)

Overdose of local anesthetics (lidocaine, 
bupivacaine, etc.)

J. G. Hollingsworth and L. M. Rivera



441

 5. Acute cardiac event: An acute myocardial infarction (MI) that affects blood sup-
ply to the SA node, the primary pacemaker of the heart, or a high degree AV node 
block may cause a bradycardia. Also consider acute pacemaker failure in patients 
who have implanted devices.

 L-5: How Should Sudden Cardiovascular Collapse Be Managed 
in the OR?

Sudden intraoperative cardiovascular collapse is an emergency that requires quick iden-
tification and action on the part of the anesthesiologist. The complexity of the situation 
requires a team approach, as multiple goals may need to be fulfilled at the same time. 
When faced with a situation with a plurality of goals, it is important to be able to pri-
oritize [11]. There may be multiple variables involved leading to an asystolic event in 
the OR, and ongoing problem-solving will ensue. However, the amount of time avail-
able for decision-making is scarce, and any delay can result in poor patient outcomes. 
Therefore, the anesthesiologist must strictly adhere to basic guidelines, allowing cogni-
tive resources to focus on knowledge-based problem- solving behavior [11]. Outlined 
below are some immediate simultaneous actions that should be performed during car-
diovascular collapse, while cognitive resources focus on higher-level problem-solving.

 1. Verify that there is no pulse.
A spurious failure of a single monitor can easily be identified by looking at 

the other monitors. For instance, the arterial line tracing may disappear and indi-
cate 0/0 mmHg, while the ETCO2 and O2sat tracings remain unchanged, indica-
tive of an arterial line failure, not asystole. It is essential to quickly survey all 
monitors including the pulse oximeter, ETCO2 wave form, arterial line, noninva-
sive BP cuff, EKG monitor, and leads, as well as to palpate for a pulse or ask the 
surgeon to do so if they have better access.

 2. Notify the surgeons and the OR staff of cardiac arrest.
Call for extra help to the OR to assist with additional vascular access if neces-

sary, prepare medications, and gather equipment. Call for a defibrillator (“crash 
cart”) and have the defibrillator pads applied. Call for someone to bring the echo-
cardiogram machine and probes to the OR. While the esophagus was not acces-
sible for transesophageal echocardiogram (TEE) in the case being discussed, 
TTE may still be performed if necessary.

 3. Ensure adequate ventilation and oxygenation.
Increase FIO2 to 100% oxygen. Arterial blood gases (ABG) can be sent in 

order to assess ventilation and oxygenation. Correct endotracheal tube place-
ment should be verified by auscultation, examining the ETCO2 waveform, and 
looking for changes in peak ventilator pressure changes that may result from 
decreased lung compliance. Suctioning of the endotracheal tube or readjustment 
of the tube may be necessary.
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 4. Drugs or agents capable of producing hypotension such as all volatile and intra-
venous anesthetics and any other IV infusions of drugs that may cause hypoten-
sion should be stopped.

 5. Start Advanced Cardiovascular Life Support (ACLS) interventions.
Assign and delegate tasks. Initiate high-quality chest compressions. Ensure 

emergency drugs are readily available. Do not delay defibrillation in the pres-
ence of a shockable rhythm.

 6. Search for treatable causes of pulseless electrical activity (PEA)/asystole (see 
L-6).

 L-6: What Are Some Treatable Causes of Pulseless Electrical 
Activity (PEA) or Asystole?

Initiation of high-quality cardiopulmonary resuscitation (CPR) and restoration of a 
perfusing rhythm are paramount when encountering sudden PEA or asystole in the 
operating room. Identifying a treatable cause is fundamental in successful resuscita-
tion. During the management of PEA/asystole, the anesthesiologist should consider 
what has long been referred to as the Hs and Ts of PEA/asystole (see Table 23.3) 
that may be hindering resuscitative efforts [1].

 1. Hypovolemia
Hypovolemia is one of the most common causes of hypotension, whether due 

to excessive fluid losses or inadequate fluid administration. Fluid losses can be in 
the form of free water or blood and can be hemodynamically significant when 
the losses result in impaired venous return and cardiac output. By communicat-
ing with the surgeons and surveying the surgical field, the anesthesiologist can 
quickly assess for acute hemorrhage. The presence of occult hemorrhage with 
blood pooling in places such as the retroperitoneum, in the patient’s drapes, 
under the OR table, or in other inconspicuous locations should also be 
considered.

An account of the surgical approach and anesthetic management may also 
reveal factors that can contribute to a decreased preload such as surgical pressure 
on the vena cava, insufflation of the peritoneum, neuraxial anesthesia, or anes-
thetics. Contributing factors should be treated as appropriate with fluid boluses, 
blood products, left uterine displacement, releasing peritoneal insufflation, 
releasing visceral retraction, and turning down or off the anesthetics.

Table 23.3 Treatable causes 
of PEA/asystole

Hypovolemia Tamponade
Hydrogen ions (acidosis) Thrombosis
Hypothermia Toxins and tablets
Hypoxia Tension pneumothorax
Hyper/hypokalemia
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 2. Hydrogen ions
Either metabolic or respiratory acidosis can lead to cardiac arrest. An ABG 

sample and a blood chemistry panel should be evaluated, adequate ventilation 
ensured, and pH disturbances treated as appropriate.

 3. Hypothermia
Hypothermia can cause cardiac depression, myocardial ischemia, dys-

rhythmias, leftward shift of the oxyhemoglobin dissociation curve, coagu-
lopathies, acidosis, and a blunted response to catecholamines [10]. 
Maintenance of normothermia is cardioprotective. Measures such as forced 
air warmer, warmed IV fluids, and warmed room should be taken in order to 
provide normothermia.

 4. Hypoxia
Adequate oxygenation is essential in order to maintain hemodynamic stabil-

ity and attempt to maximize oxygen delivery during hemodynamic collapse. The 
patient should be ventilated with 100% FiO2 and all volatile anesthetics turned 
off. One must also ensure proper placement of endotracheal tube by auscultation 
and possibly direct laryngoscopy. Keep in mind that there will not be confirma-
tion of ETCO2 if there is no cardiac output. Other actions include suctioning or 
repositioning of the endotracheal tube and treating bronchospasm with a 
beta-agonist.

 5. Hyperkalemia or hypokalemia
Maintaining a normal potassium gradient across cell membranes is essential 

in ensuring normal transmission of action potentials and resting membrane 
potentials in myocardial cells. Significant changes in potassium levels can result 
in cardiac instability. Other electrolyte disturbances can also disrupt gradients 
across cell membranes. Therefore a complete metabolic panel including sodium, 
potassium, chloride, bicarbonate, magnesium, calcium, and glucose should be 
drawn and disturbances corrected as warranted.

 6. Cardiac tamponade
Increased pressure in the pericardium, as seen with cardiac tamponade, can 

result in decrease filling of the right heart. Without adequate cardiac filling, the 
result is decreased cardiac output leading to rapid cardiovascular collapse. Relief 
of cardiac tamponade can be achieved with either pericardiocentesis or surgery 
(pericardial “window” or median sternotomy). TEE (or TTE if the esophagus is 
inaccessible) should be called to the OR to assist with diagnosis. Anesthetic 
goals include maintaining venous return with adequate volume, avoiding drugs 
that may cause vasodilation or myocardial depression, preserving systemic blood 
pressure, and maintaining a relative tachycardia [5].

 7. Thrombosis
Coronary artery thrombus or pulmonary emboli (PE) (secondary to clot, fat, 

or amniotic fluid) can lead to severe hemodynamic decompensation and cardiac 
arrest. TTE or TEE may be used to identify regional wall motion abnormalities 
and can assist in the diagnosis of coronary thrombus. PE can be difficult to diag-
nose under general anesthesia. American Heart Association (AHA) recommen-
dations suggest empirical fibrinolytic therapy when a PE is suspected [1]. Prior 
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to initiation, however, fibrinolytic therapy should be discussed with the surgical 
team in order to weigh the risks of anticoagulation during surgery. Other 
advanced treatment options include extracorporeal membrane oxygenation 
(ECMO).

 8. Toxins and tablets
Poisonings or overdose of prescription medications should be considered in 

the nonsurgical patient. However, during general anesthesia, the anesthesiologist 
should consider all medications administered as potential contributors to hemo-
dynamic collapse. Iatrogenic causes leading to bradycardia (see L-4) can also 
lead to cardiac collapse if left uncorrected. Anaphylactic reactions to anesthetic 
drugs can also precipitate PEA/asystole. Offending medications should be dis-
continued and reversal agents or antidotes administered as appropriate.

 9. Tension pneumothorax
Tension pneumothorax can cause pressure on the heart and great vessels lead-

ing to decreased filling, decreased cardiac output, and ultimately cardiac col-
lapse. Diagnosis of pneumothorax can be difficult under general anesthesia. The 
presence of unilateral breath sounds, tracheal deviation, and information obtained 
with a TEE or TTE examination can assist in the intraoperative diagnosis. 
Surface pulmonary ultrasound can also be useful, showing absent pulmonary 
tissue and loss of the “sliding sign” on the side affected. If a tension pneumotho-
rax is suspected, nitrous oxide (N2O) should be discontinued, insufflation should 
be terminated, and immediate needle decompression should be performed on the 
affected side. Decompression in adults is done with a large-bore needle or angio-
catheter at the second intercostal space, midclavicular line.

 L-7: Importance of Vigilance, Teamwork, and Communication 
in the OR

Constant vigilance on the part of the anesthesiologist is paramount to patient safety. 
The concept of vigilance is reinforced repeatedly in the profession, and the word 
“vigilance” is even found on the American Society of Anesthesiologists seal. The 
anesthesiologist must be able to continually assess the situation and environment 
for changes yet simultaneously focus on specific tasks during a crisis situation. This 
level of mental attention can at times be taxing due to stress, fatigue, monotony of 
task, or other factors [11]. In an attempt to optimize performance, St Pierre et al. 
suggest taking the effects of fatigue seriously. Frequent breaks or relief should be 
requested if needed, as performance deficits often precede the feelings of fatigue. In 
addition, developing a degree of situational awareness allows one to assess a situa-
tion and anticipate future clinical developments [11].

Beyond vigilance however, the anesthesiologist has a responsibility to commu-
nicate with the surgical team about acute physiologic events during the operative 
procedure and in this sense has a role in guiding surgical management. At times 
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during a crisis, it is necessary for the anesthesiologist to take the lead in communi-
cating roles and functions to other physicians and staff to successfully manage the 
situation. This type of communication and fortitude helps team members to func-
tion effectively together during an otherwise chaotic situation. Although there are 
many barriers to effective communication, there are strategies to help promote good 
communication. Practicing active listening, clearly conveying concerns, establish-
ing relationships with members of the team, and using congruent body language are 
just a few methods that can be employed in everyday situations to ensure effective 
communication during a crisis [11].

Oftentimes, in the intraoperative setting, there are multiple demands and respon-
sibilities that may lead to a setting that verges on chaos. It is critical, therefore, to 
have an interdisciplinary approach to cope with the demands of this environment. The 
operating room team, including the surgeon, anesthesiologist, nurses, support staff, 
and patient, should be knowledgeable about their environment and comfortable with 
open communication among team members in order to facilitate success. A break-
down in teamwork and communication in the healthcare team has repeatedly been 
shown to be a key factor in poor care and the occurrence of medical errors [11]. In a 
high-stakes environment such as the OR, performance as a team will exceed the sum 
of individual abilities. Congruence among OR team members is essential, because 
ultimately all players involved have the same goal, to guide the patient safely and suc-
cessfully through the surgery. All operating rooms should have a pre-approved plan 
for handling emergencies, with policies and procedures to cover such events.

Multiple times, throughout the case being discussed, the anesthesiologist demon-
strated vigilance to the changing surgical and physiologic environment. Early in the 
case, when the patient was experiencing episodes of bradycardia, she notified the sur-
gery team. The surgery team then showed cognizance of the manipulations they were 
performing, including vagal nerve stimulation, that were contributing to the event. 
Later, when the surgeons communicated difficulty with removal of the esophagus, the 
anesthesiologist was cued to prepare epinephrine, realizing that this may be a critical 
time for adverse hemodynamic events. Immediate communication by the anesthesiol-
ogist with the surgical team, by prompt announcement of the asystolic event, resulted 
in rapid initiation of chest compressions, which was critical in the successful resusci-
tation of the patient. These scenarios demonstrate the importance of vigilance on the 
part of the anesthesiologist, the role of effective interdisciplinary communication, and 
the indispensable function of teamwork in the OR.
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Chapter 24
Anesthesia for the Obese Parturient

Ryan W. Hill and Leon Chang

 Case Description

The patient was a 27-year-old woman Gravida 2 Para 1, 5′10″, 158 kg (BMI 44), with 
a past medical history significant for asthma, hypertension, poorly controlled diabetes 
mellitus type 2, morbid obesity, slipped capital femoral epiphysis repair as a teen-
ager, anemia, and homelessness. The patient was pregnant at 36 weeks gestation with 
diamniotic, dichorionic twins. The pregnancy was complicated by group B strepto-
coccus vaginal colonization and severe preeclampsia. The patient was initially admit-
ted for glycemic control that was achieved by an insulin sliding scale. Subsequently 
she developed severely elevated blood pressure, which improved with labetalol and 
a magnesium sulfate infusion, to the 140s/80s range. The patient was later scheduled 
for cesarean section (C-section) because of malpresentation of twin A.

The patient’s airway exam revealed macroglossia; an inter-incisor distance of 
greater than 4 cm; Mallampati score of 2; thyromental distance of 5–6 cm; a short, 
thick neck; and the ability to prognath. Laboratory studies were significant for 
hemoglobin of 9.9 g/dl, platelets of 240,000/microL, and magnesium of 3.6 mg/dl 
(reference range 1.6–2.6). She was type and cross-matched for two units of packed 
red blood cells and had a negative antibody screen.

A combined spinal and epidural anesthetic was planned as the patient did not yet 
have an epidural catheter in situ, and the obstetricians felt that the surgery would 
likely take longer than 2 h given the patient’s body habitus.
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The patient was brought to the operating room (OR) and positioned seated 
upright on the OR table. She was prepped and draped in sterile fashion, and the 
skin was anesthetized using 3 ml of 1% lidocaine via a 25 g needle. The epidural 
space was located with difficulty, requiring two attempts using a 17 g Touhy needle. 
On the second attempt, a loss of resistance was achieved; however, a 25 g spinal 
needle was passed through the Tuohy, and no “pop” or return of CSF was obtained. 
At this point the patient became increasingly agitated, felt “sick,” and requested to 
lie down. The Tuohy needle was removed and the patient asked to bear one more 
attempt. The same loss of resistance occurred, but again CSF return or “pop” of the 
spinal needle breaching the dura was lacking. As the patient was becoming increas-
ingly agitated, the spinal portion was abandoned, the epidural catheter was quickly 
and easily threaded, and the patient was allowed to lie down and positioned for 
surgery.

The epidural catheter was dosed with 10 ml of 2% lidocaine with bicarbonate 
and 1:200,000 epinephrine. The onset of anesthesia was slow and another 10 ml 
of the same medication was given. After a few minutes, the patient’s degree of 
anesthesia was again tested, with the patient endorsing loss of cold sensation up 
to the T6 dermatome level. After another few minutes, the level was tested a final 
time, but this time she reported that she could feel cold at all levels. Given a very 
unclear and contradictory sensory exam, the obstetricians were allowed to prepare 
and drape; the plan was to perform a more definitive and patient-blind test with a 
surgical clamp. There was a high suspicion that the block would be inadequate for 
surgery and a general anesthetic would be required. The patient’s pannus was taped 
up over her shoulders for surgical exposure. The clamp test was then performed and 
the patient did not have an adequate surgical block.

The need to convert to general anesthesia was then discussed with the patient 
who agreed to proceed. Preoxygenation was performed for approximately 3   
min, with end-tidal oxygen >85% and SpO2 at 100%. General anesthesia was induced 
with propofol and succinylcholine and intubation attempted, and a grade 4 view was 
obtained (neither epiglottis nor glottis could be visualized). There was considerable 
difficulty placing the laryngoscope into the mouth due to macroglossia and proximity 
of the chest wall to the handle of the laryngoscope. Direct laryngoscopy was again 
attempted by a more senior practitioner, also yielding a grade 4 view. The patient’s 
oxygen saturation began to fall, and mask ventilation was begun successfully; how-
ever, ventilation was difficult and would likely not be able to be continued indefinitely. 
Help was called for and the taped pannus was released. A Cookgas air- Q® LMA 
was placed with improvement in ventilation. However, the patient’s oxygenation was 
very slow to improve, remaining at or below 90% for approximately 5 min despite 
sufficient ventilation and tidal volumes ~350  ml through the LMA.  Help arrived 
with a fiber-optic bronchoscope (FOB). An intermediate (4.0 mm OD) FOB with an 
Aintree® catheter loaded to the most proximal part of the FOB was passed through 
the LMA into the trachea down to the carina. The FOB was then removed, leaving the 
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Aintree® well within the trachea and the LMA still in place. The LMA was removed 
by securing the proximal portion of the Aintree® catheter while backing up the LMA 
and then fixing the catheter as soon as possible at the teeth, while the LMA was com-
pletely removed. At this point, the Aintree® catheter remained in the trachea, 25 cm at 
the teeth. A 7.0 ETT was advanced over the catheter. Once near the teeth, the catheter 
was backed up minimally until the proximal portion could again be controlled. The 
tube was then advanced over the catheter using counterclockwise rotation into the tra-
chea, and the catheter was removed. Tracheal placement was confirmed via sustained 
end-tidal CO2.

The endotracheal tube allowed larger tidal volumes and recruitment maneuvers 
to be performed, which in turn resulted in return of SpO2 to 100%. No gastric con-
tents were noted in either the oropharynx or tracheobronchial tree, and an orogastric 
tube was placed in the stomach and suctioned. The remainder of the case and emer-
gence were uneventful, with no apparent anesthetic complications.

 L-1: Anesthetic Options: Advantages and Disadvantages

It is important to first describe the anesthetic options and the benefits and disad-
vantages of each technique. Five possible techniques will be discussed, including 
single- shot spinal, epidural, combined spinal epidural, continuous spinal, and gen-
eral anesthesia.

 L-1a: Single-Shot Spinal

A single-shot spinal involves a one-time injection of local anesthetic +/− adjuncts 
such as opiates or clonidine into the intrathecal space. The advantages of this tech-
nique include relative ease of placement, fast onset, and a dense and reliable bilateral 
block. There is also low risk of local anesthetic toxicity due to small total amounts 
of local anesthetic administered (e.g., 10–15 mg of bupivacaine).

Disadvantages include limited duration (generally 2–3 h in parturients), which 
may be inadequate for longer surgical procedures. Hypotension is also relatively 
common – this may occur from a rapid sympathectomy resulting in arterial and 
venous dilation. In the extreme, this could progress to cardiovascular collapse in 
the case of a “high spinal.” Finally, like all neuraxial procedures, there is a risk 
of bleeding (with potentially devastating complications such as spinal or epidural 
hematoma), infection (e.g., epidural abscess, CNS infection), and damage to sur-
rounding structures. Finally, there is approximately 1% chance of a post-dural punc-
ture headache (PDPH) in this patient population.

24 Anesthesia for the Obese Parturient



450

 L-1b: Epidural

Epidural anesthesia typically involves threading a small catheter into the epidural 
space through which local anesthetic and adjuncts can be injected. Advantages of 
this technique include a virtually unlimited duration of anesthesia, the ability to 
titrate medications in controlled fashion (which in turn can yield less hemodynamic 
effects), and versatility – anesthesia can be provided for a myriad of needs, includ-
ing analgesia for labor and delivery, surgical anesthesia for C-sections, and postop-
erative pain control.

Disadvantages of this technique include relatively slower onset than a spinal, 
combined spinal epidural, or general anesthetic. Therefore, epidural anesthesia may 
not be the best choice in an emergency. In addition, there is a higher risk of systemic 
local anesthetic toxicity than a single shot spinal, given the larger volumes of local 
anesthetic necessary to produce analgesia and the vascular nature of the epidural 
space. This vascularity may be especially pronounced in parturients. Epidurals are 
also characteristically less reliable than a spinal or general anesthetic for surgical 
anesthesia, with “patchy,” incomplete, or one-sided blocks being fairly common. 
This procedure carries the usual risks of bleeding, infection, and damage to sur-
rounding nerves. Because a large needle is used, epidural attempts carry a higher 
risk of PDPH than spinal, should an inadvertent dural breach occur.

 L-1c: Combined Spinal and Epidural (CSE)

The combined spinal and epidural (CSE) technique involves first finding the epidural 
space and then passing a spinal needle through the larger bore epidural needle, achiev-
ing CSF flow, and then administering medication into the intrathecal space. The spinal 
needle is then removed, and the epidural catheter is threaded into the epidural space. 
This technique captures the benefits of both spinal and epidural in a single procedure. 
These include the fast onset of action of a spinal, with a virtually unlimited dura-
tion of action, as the epidural can be dosed prior to and after the spinal wearing off. 
Performing a CSE can also improve the likelihood that the epidural catheter will be 
properly placed, as it confirms that the needle is midline. Indeed, some practitioners 
will utilize the CSE technique as a diagnostic tool to aid epidural placement only, 
without administering medication through the spinal needle. The combined spinal 
epidural can also be used for both blood pressure stability and fast onset by giving a 
small spinal dose and then early titrated medication via the epidural catheter.

Disadvantages of this procedure include the inability to test the epidural imme-
diately if a spinal dose is given. One could then be faced with a situation in which 

R. W. Hill and L. Chang



451

the spinal wears off, only to find out that there is a nonfunctioning or inadequate 
epidural. There is also a higher risk of local anesthetic toxicity than spinal alone 
given the larger volumes of local anesthetic administered and the vascular nature of 
the epidural space. Finally, there are the same risks as other neuraxial procedures, 
as discussed above.

 L-1d: Continuous Spinal

This technique involves finding the intrathecal space with an epidural needle and 
placing a catheter into this space. The advantages of this method are essentially all 
those of a single-shot spinal, with the added ability to titrate medication slowly and 
to re-dose if necessary.

Disadvantages include a high risk of PDPH (50%) as compared to spinal or epi-
dural because of the large bore needle breaching the dura and leaving a passage for 
CSF leakage once the catheter is removed. There is also a higher risk of serious CNS 
infection such as meningitis given the continuous tract from the skin to the intrathe-
cal space. In addition, most practitioners have less experience with this technique 
because it is not as commonly performed as either spinal, epidural, or CSE. Finally, 
all the previously discussed generic risks of neuraxial procedures apply.

 L-1e: General Anesthesia

It is important to remember that general anesthesia is an option for cesarean section, 
although it is usually not preferred. The advantages of general anesthesia include 
potentially the fastest onset of any technique, the ability to tailor the duration of 
anesthesia to surgical requirement, minimal to no risk of local anesthetic toxicity, 
and reliable surgical anesthesia. General anesthesia also does not carry the risks 
associated with a neuraxial procedure such as PDPH.

The drawbacks to general anesthesia are potentially severe, and the mortal-
ity rate associated with general anesthesia in parturients is higher than that of 
regional anesthesia. The airway must be instrumented, and this patient population 
is at particular risk for both aspiration and a difficult airway. Additionally, there 
may be delivery of anesthetics to the baby, and there is the potential for increased 
uterine relaxation from volatile anesthetics. This relaxation can be resistant to 
maneuvers to increase uterine tone. There may be hemodynamic instability on 
induction, and finally, the mother, not being awake, is unable to participate in the 
birth of her baby.
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 L-2: Causes of Failed Spinal

There are a number of reasons for a failed spinal. Most of the reasons fall into two 
categories: the inability to identify (procure CSF) and inject medication into the 
subarachnoid space and an inadequate dose of spinal medication.

 L-2a: Failure to Identify (Procure CSF) the Subarachnoid 
Space

This problem is often operator dependent and is more common in the trainee than 
the experienced anesthesiologist. However, no matter the experience level of the 
practitioner, this type of failure is more common in the obese, anxious, or moving 
patient. In the obese patient, it may be difficult to palpate landmarks and locate the 
midline. Patient positioning is crucial in the obese patient, as poor positioning can 
make a difficult spinal placement even more challenging. Incorrect needle trajec-
tory with poor positioning is likely the most common cause of inability to locate the 
intrathecal space. A helpful tip is that if the bone is encountered relatively superfi-
cially, this is likely spinous process, and the needle should be redirected cranially 
or caudally; on the other hand, if the bone is encountered more deeply, this is likely 
lamina, and the needle should be adjusted left or right. In the case of the moving 
or anxious patient, speaking with them ahead of time and answering questions may 
help calm them; small doses of anxiolytics and making sure the skin is thoroughly 
anesthetized may also be useful. Advancing the spinal needle without the stylet 
in place can be problematic as a tissue plug or clot can occlude the lumen of the 
needle, and CSF will not be obtained even if the needle enters the intrathecal space. 
Abnormalities of the spine may also make successful placement difficult. These 
include prior back surgery with instrumentation, scoliosis, kyphosis, and calcified 
ligaments. It is also possible to get return of clear fluid that is not CSF. In some 
cases, this could be previously placed local anesthetic or saline (e.g., recently dosed 
or attempted epidural, too much local anesthetic when numbing up the skin and soft 
tissue). Finally, there are very rare causes such as a congenital arachnoid cyst.

 L-2b: Inadequate Spinal Dose

Inadequate dose as a cause of spinal failure is most often due to a misplaced injection 
of local anesthetic [1]. The misplacement of local anesthetic may be as simple as hav-
ing fluid leakage between the needle hub and syringe if the syringe is not adequately 
secured. It is also possible for the spinal needle position to migrate superficially or 
deep when attaching the syringe. More nuanced occurrences are the possibility of 
the pencil-point needle lumen straddling the dura so that some local anesthetic is 
injected epidurally and some subarachnoid as pictured below (Fig. 24.1).
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Another possibility is the dura acting as a flap so that during aspiration, the dura 
and arachnoid layers are pulled back and CSF enters the needle, but upon injection, 
the flap is pushed forward, and the dose is not delivered to the intrathecal space. 
A variant of this situation is the dura and arachnoid layers separating so that the 
injected dose of local anesthetic goes subdural as illustrated below.

 L-3: Causes of Failed Epidural

Causes of failed epidurals can be divided into three main categories: initial mis-
placement of the epidural needle, suboptimal catheter position upon threading or 
migration during labor, and patient anatomic variations.

In considering epidural needle or catheter position, there are four areas where 
the needle tip could be. The first is subcutaneous and is likely the most common 
cause of complete epidural failures. In obese patients with a large amount of soft 
tissue present, it may be easier to obtain a false “loss of resistance” while still in the 
 subcutaneous space. This may result from engaging interspinous ligament at some 
point and thus encountering resistance, followed by the needle crossing midline into 
subcutaneous tissue with a subsequent tactile loss of resistance. Obesity is a risk 
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Fig. 24.1 Possible positions of the tip of a pencil-point needle. In the upper image, all the local 
anesthetic solution will reach the subarachnoid space, but if the opening straddles the dura (lower 
image), some solution will be deposited in the epidural space. (Reprinted from Fettes et al. [1]. 
With permission from Elsevier)
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factor for threading an epidural catheter into this space. Arendt2 describes the loca-
tions where an epidural catheter or needle may wind up and explains why a failed 
epidural might initially be missed in a laboring patient. A laboring patient may 
initially endorse analgesia, possibly from a transient decrease in contractions from 
pausing an oxytocin infusion or pre-epidural fluid loading. If opioids are added to 
the epidural mixture, there can be some systemic opioid absorption leading to slight 
analgesia. Finally, there is a possible placebo effect from placing an epidural, which 
may lead the patient to report improvement in their pain score even in the case of a 
misplaced epidural.

Secondly, the epidural needle can inadvertently enter the intrathecal space, 
known as a “wet tap”; typically, the practitioner observes free-flowing CSF out the 
hub of the needle, but this is not always the case. If a dose meant for the epidural 
space is delivered via either catheter or needle into the intrathecal space, a profound 
block and a high spinal can result.

Another possible mal-location is the subdural space (Fig. 24.2). If dosed, this 
may lead to patchy, incomplete block with variable sensory, motor, and autonomic 
effects. Presentation not unlike a high spinal is possible as the subdural space cannot 
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Fig. 24.2 The dura or arachnoid mater may act as a flap valve across the opening of a pencil-point 
needle. During aspiration (a) the dura/arachnoid is pulled back allowing CSF to enter the needle. 
During injection the dura (b) or arachnoid (c) is pushed forward and the local anesthetic enters the 
epidural or subdural space. (Reprinted from Fettes et al. [1]. With permission from Elsevier)
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accommodate the same volume of fluid as the epidural space and marked spread in 
the cranial direction is possible.

The final possibility is intravascular needle or catheter placement. This is more 
likely in the pregnant population because the gravid uterus compresses the IVC, 
causing dilation of collateral veins in the epidural space. Intravascular placement 
may but not always be detected by the return of blood into the catheter or needle. It 
is thus important to aspirate gently before injecting local anesthetic and to provide 
small doses incrementally. If an unrecognized large dose is given, local anesthetic 
toxicity may result. During labor the parturient is likely to readjust position fre-
quently, and this may lead to migration of an initially well-placed epidural into any 
one of the abovementioned, non-epidural spaces.

As with spinal anesthetics, variations in patient anatomy may interfere with suc-
cessful epidural placement. The epidural space is notoriously heterogeneous, with 
epidural fat and engorged blood vessels that can affect the spread of local anesthetic. 
This heterogeneity can be one of the causes of patchy anesthetic coverage. A dorsal 
median connective tissue band has been described in some patients that can act as a 
partition down the midline of the epidural space. If the catheter is on one side of that 
tissue band, there may not be spread to the other side resulting in unilateral block. 
More likely causes of unilateral block are patient positioning (settling of local anes-
thetic on one side due to gravity) or an epidural that is threaded too far and migrates 
to one side. Repositioning the patient or pulling the epidural catheter back slightly 
and re-securing it can often remedy these situations.

 L-4: Risks of Re-attempting Neuraxial Anesthesia

When faced with a failed epidural or spinal, most practitioners would recommend 
re-attempting the procedure at a different level. Even though in most cases this is 
a reasonable approach, re-attempting a spinal or epidural is not without increased 
risk. To begin, subsequent attempts may be more technically difficult than the 
initial attempt for a number of reasons. The patient may have been sitting up for 
some time and may tire of remaining still in this position. In the case of a failed 
epidural that had been recently dosed, there may be pockets of local anesthetic 
in the patient’s back that could contribute to a false loss of resistance on the sec-
ond attempt. Should a spinal be attempted, this may contribute to obtaining local 
anesthetic that appears to be CSF (false positive CSF). Furthermore, if a “wet tap” 
were to occur, there is a chance that pre-existing local anesthetic in or near the 
epidural space could enter the intrathecal space resulting in a high spinal. Local 
anesthetic toxicity is also a risk when re-attempting an epidural after dosing of 
a previous epidural because an even larger amount of local anesthetic that may 
approach or exceed toxic ranges is being introduced into a highly vascular region. 
Finally, the dose to administer if attempting a spinal after a patient has had an epi-
dural may be very unclear. Pregnant women already have a lower requirement for 
intrathecal local anesthetic because the engorged epidural vessels push the CSF 
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more cranially by putting pressure on the intrathecal sac. By adding local anes-
thetic volume to the epidural space, this compression is increased and can lead 
to a high spinal at doses that would not normally cause this problem. The chosen 
dose must be adjusted accordingly.

 L-5: Physiology of the Obese Parturient

Relevant physiology of the obese pregnant patient will be discussed in this section. 
These include factors contributing to maternal hypoxemia and hastening time to 
oxyhemoglobin desaturation, namely, shunt and cardiovascular compromise from 
aortocaval compression. The parturient’s difficult airway compared to baseline, full 
stomach considerations after 20 weeks gestation, and the effects of pregnancy on 
CSF volume will be discussed as well.

 L-5a: Cardiopulmonary

Functional residual capacity (FRC) decreases by approximately 20% in preg-
nancy, and an obese patient’s FRC will be further reduced compared to their 
non-obese counterparts. This magnifies the reduction in oxygen reserve, causing 
a “two- pronged insult” (pregnancy plus obesity) that greatly hastens oxyhemo-
globin desaturation. Obesity itself also causes a decrease in chest wall compli-
ance and increases the work of breathing. These factors all contribute to increased 
shunt (areas of the lung that are perfused, but not ventilated). Further, aortocaval 
compression by the gravid uterus (in our case study twin gravid uterus) and, in 
the case of the obesity, further weight of a large pannus cause compression of the 
great vessels at the level of the uterus, impeding venous return to the heart. This 
decreases cardiac output and thus increases tissue oxygen extraction ratio. When 
the increasingly deoxygenated venous blood mixes through normal physiologic 
shunts (and others secondary to decreased FRC) with the fully oxygenated blood 
coming from the lungs, the arterial oxygen content is lowered, leading to arterial 
oxygen desaturation. Finally, the pregnant patient has increased oxygen consump-
tion due to fetal oxygen consumption and requirements. If a patient is also obese, 
they have overall more tissue that consumes oxygen (although the oxygen require-
ment for adipose tissue is generally lower than more metabolically active tissue). 
The following diagrams illustrate the downward spiral of oxygen saturation from 
shunt and decreased cardiac output from aortocaval compression. This physiology 
not only hastens the time to desaturation but can also increase the time it takes for 
the patient’s SpO2 to recover after a desaturation. This was very apparent in the 
case presented in this chapter (Fig. 24.3)
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 L-5b: Airway

Parturients are notorious for having an airway that is more difficult to manage than it 
would be in their nonpregnant state. One reason for the increased difficulty of venti-
lating and intubating parturients is that they often have airway edema from engorged 
capillary veins all along the airway. In addition, their oral and nasal mucosa is more 
friable than baseline, which can lead to a bloody airway with minimal instrumen-
tation, making visualization of the vocal cords even more challenging. The obese 
parturient in this case presented further airway difficulty, with a thick neck and 
increased pharyngeal soft tissue available to collapse around the airway. In these 
patients, positioning is even more important as laryngoscopy must be optimized for 
the first attempt. In addition, it is common at the authors’ institution for the obstetri-
cians to tape the patient’s pannus up for surgical exposure prior to induction of anes-
thesia. The tape is anchored over the patient’s shoulders, pulling the belly upwards 
and applying pressure to the thorax. This increases atelectasis and further decreases 
FRC, hastening the time to oxyhemoglobin desaturation. Desaturation occurs very 
quickly in this circumstance despite 3–5 min of thorough preoxygenation.

Lungs

Shunt

Body Aorto-caval
compression and twin

fetuses force increased
O2 extraction

Lungs

Increased atelectasis
Magnifies R => L shunt

Shunt

Body Aorto-caval
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O2 extraction
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c

Fig. 24.3 (a) Aortocaval compression (b) increased intrapulmonary shunt and (c) increased 
peripheral oxygen utilization combine to cause rapid arterial oxyhemoglobin desaturation in the 
parturient
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 L-5c: Gastrointestinal

Pregnant patients have a number of factors that affect their GI system, but we will 
focus on the elements that increase risk of aspiration during induction of general 
anesthesia. First, they have decreased lower esophageal sphincter tone due to the 
high levels of circulating progesterone. This makes them especially susceptible to 
gastrointestinal reflux (GERD) during pregnancy. Next, they have decreased gastric 
emptying such that at any given time their stomach is more full than those of their 
nonpregnant counterparts. Finally, the gravid uterus puts pressure on the abdominal 
contents including the stomach, increasing intragastric pressure. All of these physi-
ologic changes cause the parturient to be at higher risk of aspiration on induction of 
anesthesia. These changes are more pronounced later in pregnancy, and therefore it 
is mandatory that all pregnant patients over 20 weeks gestation be treated as if they 
have full stomachs. A rapid sequence induction and intubation must be performed if 
general anesthesia is induced.

 L-5d: Neurological

As previously mentioned, pregnant patients have lower local anesthetic require-
ments during spinal anesthesia. This is because pregnancy decreases CSF volume 
(vide supra). The decrease in CSF volume may be even more pronounced in the 
obese parturient. The gravid uterus and the patient’s excess soft tissue cause com-
pression of the inferior vena cava (IVC), which increases blood flow through the 
lumbar vertebral plexus causing engorgement of the epidural veins. This increases 
pressure on the intrathecal sac, displacing fluid cranially and lowering the overall 
space the CSF occupies. With less space, it is possible to obtain increased spread 
of local anesthetic and a higher than anticipated level of anesthesia. This must be 
taken into account, especially if a spinal is to be attempted after an epidural because 
additional fluid injected into the epidural space may further displace the intrathecal 
sac and reduce overall space (Fig. 24.4).

 L-6: Considerations for Converting to General Anesthesia

Although general anesthesia is usually not the preferred method for C-section, there 
are many situations that necessitate conversion from a neuraxial technique to a gen-
eral as was presented in the case description. There are a number of considerations 
to be aware of when it becomes necessary to perform a general anesthetic in an 
obese parturient, especially if this was not the originally intended method of anes-
thesia. The first factor to address is overcoming plan change inertia. This means 
getting organized for the new anesthetic as if it were the original plan and going 
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through the normal checklists to have the machine, medications, airway equip-
ment, etc. ready before induction. Although this may seem obvious, there is a real 
phenomenon whereby practitioners tend to not be as well-prepared when changing 
quickly to an anesthetic that was not initially planned. The next consideration is 
optimizing patient positioning. If a neuraxial was intended, there may not have been 
as much care to place the patient in an ideal “sniffing” position in preparation for 
intubation. This is doubly important in an obese parturient who is at higher risk for 
having a difficult airway and has a shortened time to desaturation if the airway is 
not immediately established. The patient should be ramped until the sternal angle 
is parallel with the external auditory meatus; this has been shown to optimize the 
direct laryngoscopy view. In addition, if the patient’s pannus has been taped up, 
strong consideration should be given to releasing it prior to induction. Adequate 
preoxygenation is also crucial. It may be worthwhile to preoxygenate these patients 
in the sitting position as this has been shown to provide approximately one extra 
minute before desaturation to 90% [2].

The laryngeal mask airway (LMA) is an established early rescue option on the 
ASA difficult airway algorithm for “cannot intubate, cannot ventilate” situations. 
A number of LMAs (e.g., Cookgas LMA®) are also designed to facilitate intuba-
tion via fiber-optic bronchoscopy, and several different intubation techniques exist. 
In this case, the LMA provided both the critical ability to ventilate and served as 
a useful conduit for intubation. All anesthesia practitioners should be proficient at 
placing an LMA to rescue ventilation and at using an LMA as a tool for intuba-
tion. Further discussion and videos can be found at https://www.cookmedical.com/
products/cc_caeaic_webds/.

Gravid uterus Obesity

IVC compression

Engorgement of epidural veins

Compression of intrathecal sac 

Higher spread of spinal anesthetic

   Abdominal venous pressure

  Epidural plexus blood flow

Fig. 24.4 Factors leading to 
enhanced spread of spinal 
anesthetic in the obese 
parturient
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The next consideration when converting to a general anesthetic for C-section 
is the effect of volatile anesthetics in decreasing uterine tone, which can lead to 
hemorrhage and an unstable patient. This should be taken into account especially 
when the patient has other risk factors for uterine atony including multiparity, mul-
tiple gestations, prolonged labor, macrosomia, or other factors such as a magnesium 
infusion. In this case, both magnesium and a twin gestation were potential risk fac-
tors, although uterine atony did not occur. If in a situation where general anesthesia 
is necessary with risk factors for uterine atony, the practitioner should reevaluate IV 
access and monitors; consideration should be given to placing extra large bore IVs, 
an arterial line, and even central access if massive hemorrhage is anticipated.

 Conclusion

When planning an anesthetic for obstetrical surgery in the obese parturient, there are 
many considerations, including urgency, length of surgery, whether an epidural is in 
situ, and the pros and cons of each possible anesthetic technique. It is important to 
be able to recognize a failed or inadequate neuraxial anesthetic in order to properly 
troubleshoot or avoid pitfalls. Importantly, provider tendency to accept suboptimal 
conditions for neuraxial or general anesthesia should be resisted with the utmost 
scrupulousness. Finally, it is crucial to be familiar with the altered physiology of the 
obese parturient and how it might affect the planned anesthetic.
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Chapter 25
Management of Intracardiac Thrombus 
During Orthotopic Liver Transplant

Claire Soria, Richard Bellars, Ramon Sanchez, Anush Minokadeh, 
and Gerard R. Manecke

 Case Presentation

 History of Present Illness

A 46-year-old man with end-stage liver disease due to hepatocellular carcinoma (HCC), 
hepatitis C, and a history of alcohol abuse was scheduled for orthotopic liver transplant 
(L1). As a bridge to liver transplantation, he had undergone drug- eluting bead transar-
terial chemoembolization (DEB-TACE) therapy three times, and his last treatment was 
2 months prior to admission. Secondary to his liver disease, he had esophageal varices, 
ascites, and portal hypertensive gastropathy. He had no cardiac or pulmonary disease 
(L2), and his exercise tolerance was >4 METs. Transthoracic echocardiogram (TTE) 
1 year prior to admission demonstrated normal biventricular size and function, with a 
late positive agitated saline contrast study suggesting an intrapulmonary shunt (L3).

Two years prior to admission, he had been declined for transplant listing due to 
a low Model of End-Stage Liver Disease (MELD) score but since then was diag-
nosed with stage T2 hepatocellular carcinoma. The presence of his hepatocellular 
carcinoma was an exception to the standard MELD scoring and increased his score 
from a 10 to a 22 (L4). The donor was hepatitis C positive. The patient qualified to 
receive this liver because he also was hepatitis C positive (L5). Preoperative throm-
boelastogram (TEG) showed R-time 1.6 min, K-time 3.2 min, angle degree 53.3°, 
MA 47.0  mm, and LY30 0.0%. Labs were notable for platelet count 54,000/L, 
hemoglobin 15.1 g/dL, international normalized ratio (INR) 1.3, prothrombin time 
(PT) 14.1, partial thromboplastin time (PTT) 38.7 s, and fibrinogen 197 mg/dL.
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 Narrative

 Anesthetic Induction

Standard ASA monitors were placed, and the patient was preoxygenated for 5 min 
prior to induction. A total of 10 mg of midazolam IV and 1000 mcg of fentanyl IV 
were titrated to patient response followed by induction with propofol 50 mg IV and 
succinylcholine 120 mg IV (L6). Intubation was uneventful with a 7.0 ETT and 
MAC3, with a grade 2 view (L7).

Transesophageal echocardiography (TEE) and line placement: Initial TEE 
exam showed normal biventricular function, normal valvular function, and no 
evidence of intracardiac clot (L8). A right internal jugular introducer sheath was 
placed on the first attempt, with confirmation of placement using manometry and 
TEE. A pulmonary artery catheter (PAC) was inserted on the first attempt, with 
placement confirmed via pulmonary artery waveform and TEE visualization in 
the proximal right pulmonary artery. An additional venous sheath was placed in 
the left internal jugular vein using ultrasound guidance on the first attempt. A left 
radial and left femoral arterial lines were then placed uneventfully. Central line 
placement was confirmed again with intraoperative chest x-ray prior to the start 
of surgery. Initial cardiac output, pulmonary artery pressure, systemic vascular 
resistance, and pulmonary vascular resistance values were within normal limits.

 Maintenance

Pre-anhepatic

The patient was hemodynamically stable post induction, (L9) maintained on 0.5 
MAC sevoflurane. Epinephrine 0.1  mcg/kg/min and phenylephrine 20–60  mcg/
min were started to augment cardiac output and maintain a mean arterial pressure 
(MAP) of 65–70 (L10) during the dissection phase. The hepatectomy portion was 
complicated due to inflammation and scar tissue (L11). During mobilization of the 
retrohepatic vena cava, the surgeons reported massive surgical bleeding, resulting 
in a dramatic drop in systolic blood pressure (SBP) 100 (MAP 70) to SBP 40 (MAP 
35). This period of hypotension lasted for about 7 min, during which time the sur-
geons obtained hemostasis and the anesthesia team resuscitated the patient with 
rapid transfusion of packed red blood cells and fresh frozen plasma using a Belmont 
Rapid Infuser, as well as inotropic and pressure support. Hemodynamic stability 
was obtained and bleeding was eventually controlled. A total of 50 units of PRBCs, 
31 units of FFP, 10 units of platelets, and 55 units (11 packs) of cryoprecipitate were 
administered.
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Anhepatic

Prior to placement of vena cava clamp, hemodynamics were optimized, and venous 
clamping was tolerated. At our institution the preferred surgical technique is the 
“piggyback method,” where the liver is dissected off of the retrohepatic vena cava 
and partial clamping is done to preserve venous return. Serial ABGs were checked 
during this phase to assist in optimizing transfusion and electrolyte management. 
TEG (Haemonetics, Niles, Il, USA) was used to guide coagulation management. 
Vasopressors and inotropes were titrated to maintain a MAP of 65–70. The TEE was 
monitored continuously in the four-chamber view, and echocardiographic changes 
such as decreased contractility or hypovolemia were treated appropriately with ino-
tropic support and volume.

Reperfusion

Close communication was maintained between the surgeons and anesthesiologists 
regarding timing of the reperfusion. A repeat TEG and ABG were sent just prior to 
reperfusion and were notable for a hemoglobin of 5.0 g/dL. Roles were assigned to 
monitor for evidence of hemodynamic instability. Continuous monitoring of TEE, 
arterial line, and pulmonary artery catheter during unclamping was utilized.

Immediately post reperfusion, the patient was hemodynamically stable, with a 
heart rate in the 70s in normal sinus rhythm and SBP 100s (MAP 70s). The RV 
and LV appeared to be contracting well, with no evidence of intracardiac thrombi. 
Within 5 min, multiple events occurred simultaneously. First the SBP dropped to 
50s (MAP 40s), then the patient’s rhythm converted from normal sinus rhythm to a 
wide complex tachycardia at a rate of 100–130 beats per minute. At the same time, 
the perfusionist reported a high-pressure alarm on the Belmont suddenly, and the 
infusion rate automatically dropped to a safe, slower rate of 50 ml/min. Review of 
the TEE now showed a new, large, approximately 4 × 4 cm clot in the right atrium 
which was not present at the start of reperfusion (L12, L13, L14, L15). The right 
ventricle and left ventricle appeared to be contracting appropriately initially. There 
was no evidence of right heart failure, with no tricuspid regurgitation and no dis-
tension of right ventricle. The left ventricle appeared to be underfilled. The radial 
arterial line then quickly showed a flattened waveform, and the femoral arterial 
waveform was lost from aortic compression by the surgeon in an attempt to aug-
ment blood pressure. There continued to be ongoing bleeding at the same time as 
the RV thrombus and the surgeons continued to attempt to obtain surgical control 
of bleeding. The patient initially was in normal sinus rhythm and then quickly pro-
gressed to various arrhythmias, including ventricular tachycardia, ventricular fibril-
lation, and torsades de pointes (Fig. 25.1).
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 Call for Help

Anesthesia STAT (our institutional code, calling for emergency anesthesiology and 
technical support to the room) was called immediately.

 Hemodynamic Instability/Arrhythmia/Unclear Pulsatility

The working diagnosis at this point was cardiac arrest secondary to an acute, 
large right atrial thrombus. Chest compressions and aortic compression were 
done by our surgeons. Multiple rounds of epinephrine 1 mg were administered, 
as well as calcium chloride and sodium bicarbonate to support contractility and 
treat metabolic acidosis. The patient’s rhythm fluctuated rapidly between ven-
tricular tachycardia, ventricular fibrillation, and torsades de pointes, staying in 
each rhythm for approximately 10–20  s at a time. It was difficult to identify 
whether the patient had a pulse because the radial arterial line was flattened and 
the femoral arterial line was absent due to surgeon compression of the aorta. The 
patient was first given an unsynchronized cardioversion for ventricular tachycar-
dia with a pulse. The patient then went into ventricular fibrillation and torsades 
de pointes, so defibrillation was performed. The patient then went back into ven-
tricular tachycardia with a pulse, so another unsynchronized cardioversion was 
performed. The patient then had return of spontaneous circulation with normal 
sinus rhythm. In between cardioversions, amiodarone 150 mg was loaded, and 
an infusion was started at 1 mg/min. Lidocaine 100 mg and magnesium sulfate 
2 g were also given.

Fig. 25.1 TEE image of 
right atrial clot, measuring 
approximately 4 × 4 cm
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 Massive Transfusion/Belmont Troubleshooting

The Belmont infusion machine was inspected from the reservoir to the patient, and 
there was no evidence of obstruction or other cause for a high-pressure alarm (L16). 
Manual transfusion of blood products was continued using different ports on the 
right IJ and left IJ central lines. Since there was no evidence of obstruction within 
the Belmont system, and there was no resistance using different ports manually, 
the Belmont system was connected to a different port on another central line. The 
high- pressure alarm then resolved, and the Belmont continued to be used for mas-
sive transfusion at a rate of 200 ml/min. The suspected cause is that the large right 
atrial clot was obstructing the lumens of our right IJ central line, and the port we 
happened to be using for the Belmont was connected to the lumen being occluded 
by the right atrial clot. By switching the Belmont to a different port on the left IJ 
central line, whose lumen opened more proximal to the right atrial clot, there was 
no longer an obstruction of flow and a high-pressure alarm.

 Return of Spontaneous Circulation

Within 7 min of the initial cardiac arrest, the patient had return of spontaneous cir-
culation, with rebound hypertension and systolic blood pressure of 180 mm/Hg. A 
nicardipine infusion was titrated to lower SBP to 120s. Blood pressure eventually 
stabilized to SBP 100–130s using epinephrine 0.05 mcg/kg/min and phenylephrine 
gtt at 100 mcg/min to support biventricular function and low SVR post reperfusion. 
TEE showed appropriately full and well-contracting right and left ventricles. The 
anesthesiology team discussed possible etiologies of the intracardiac thrombus with 
the surgical team. Differential diagnoses included embolic material from the new 
liver, the inferior vena cava surgical anastomosis, and central lines or pulmonary 
artery catheters. Since the patient had stabilized and was now coagulopathic, the 
teams decided to watch the clot and not attempt to dissolve the clot with anticoagu-
lant medications. The large right atrial clot gradually disappeared spontaneously 
within 30 min.

 Coagulopathy

The surgeons reported persistent clinical coagulopathy post-resuscitation. This was 
not unexpected, given sequence of events of hemorrhage, intracardiac clot, and 
resuscitation. Repeat TEGs showed early fibrinolysis (degradation of the ampli-
tude) and a low mean amplitude, consistent with thrombocytopenia. This resolved 
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with administration of multiple rounds of PRBC, FFP, platelets, cryoprecipitate, 
K-Centra (prothrombin complex concentrate), tranexamic acid (TXA), and prot-
amine (L17, L18). The patient’s baseline TEG at the start of surgery was notable for 
a low mean amplitude that correlated with baseline thrombocytopenia. Most likely 
in this patient with a low MELD score and HCC, his coagulation status was initially 
fairly normal or possibly hypercoagulable. Massive hemorrhage intraoperatively 
then led to dilutional coagulopathy. Attempts at resuscitation with blood products 
may have contributed to thrombus formation. With reperfusion, then there was a 
combination of dilutional coagulopathy, fibrinolysis, and possible liver dysfunction.

 Postoperative

The patient’s trachea remained intubated, and he was transported to the surgical 
intensive care unit. The patient was neurologically intact, alert, and oriented × 3. 
On POD#3, he was extubated, and he was transferred to the floor on POD#10. On 
POD#20, the patient was discharged to home with family.

 Lessons Learned

 1. What is an orthotopic liver transplant? What are the indications and contraindi-
cations to liver transplantation?

Liver transplantation is the only definitive treatment for patients with irrevers-
ible acute or chronic liver failure. The donor liver organ is carefully selected, 
removed, preserved, and prepared for transport. It typically must be transplanted 
into the recipient within 12–18 h [1, 2]. The two approaches to transplant are live 
donor liver transplant and cadaveric. The advantage of live donor transplantation 
is greater availability of fresh donor organs. This allows patients who might not 
otherwise receive a transplant (e.g., with lower MELD score and better physiology) 
to undergo transplantation. The disadvantage of living donor transplant is potential 
risk to an altruistic donor. With cadaveric transplant, there is a longer wait time for 
an available organ and thus risk of death while on the transplant list.

Patients are considered for liver transplantation in the following situations: ful-
minant hepatic failure, life-threatening systemic complication of liver disease, liver- 
based metabolic defect, cirrhosis with complications like hepatic encephalopathy, 
hepatocellular carcinoma, ascites, hepatorenal syndrome, bleeding, or portal hyper-
tension [1, 2]. Contraindications to liver transplantation include active extrahepatic 
malignancy or hepatic malignancy with diffuse invasion, active and uncontrolled 
infection, active substance or alcohol abuse, severe cardiopulmonary comorbidities, 
psychosocial barriers, and brain death.
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 2. What are the manifestations of end stage liver disease?

End-stage liver disease has multiple systemic complications that can impact 
anesthetic management. These are described in the following table by system [3].

 3. What is the role of pre-operative echocardiogram in liver transplants? What is 
the significance of an intrapulmonary shunt?

Preoperative TTE (transthoracic echocardiography) is essential for screening for 
cardiac disease as well as estimating pulmonary artery pressure. Elevated RVSP 
(right ventricular systolic pressure) greater than 50 mmHg warrants a right heart 
catheterization to rule out portopulmonary hypertension (PVR >240 dyne.sec.
cm−5). This must be differentiated from pulmonary hypertension from high cardiac 
output and volume overload. Baseline evaluation should be done within 1 year prior 
to liver transplant [4]. Coronary artery disease is also an area of interest. Those with 
significant risk factors should undergo dobutamine stress echo or SPECT (single- 
photon emission computed tomography technetium-99 sestamibi scan). Cardiac 
catheterization is considered the gold standard for assessment of occlusive coronary 
artery disease and may be indicated.

Patients may have concomitant cardiovascular disease, end-stage liver disease 
secondary to cardiovascular disease, or secondary cardiovascular effects. This 
last phenomenon is known as “cirrhotic cardiomyopathy,” which includes car-
diac structural changes, diastolic dysfunction, and supernormal cardiac output 
with impaired contractile reserve in response to stress [4]. Overt heart failure is 
rarely seen preoperatively because the peripheral vasodilation from the ESLD 
masks any underlying left ventricular dysfunction – the left ventricle faces a low 
systemic vascular resistance preoperatively. Then, intraoperatively, under physi-
ological and pharmacological stress, an impaired ventricular response finally 
manifests. Liver transplant surgery involves significant hemodynamic stress, and 
up to 70% of patients undergoing liver transplantation will have a cardiovascular 
event intraoperatively [5].

 4. What is the MELD scoring system?

MELD is the Model for End-Stage Liver Disease. It is a measure of mor-
tality risk in patients 12  years and older who have end-stage liver disease [6]. 
The MELD score is used as a disease severity index to stratify patients who are 
awaiting liver transplant. Donor organs are provided to listed patients with the 
highest estimated short-term mortality [2]. It predicts mortality in the follow-
ing situations: (1) after transjugular intrahepatic portosystemic shunt (TIPS); (2) 
cirrhotic patients undergoing non-transplantation surgical procedures; (3) acute 
alcoholic hepatitis; and (4) acute variceal hemorrhage. Scores range from 6 to 40, 
with higher scores indicating more severe liver disease and higher mortality. It is 
based on serum creatinine, bilirubin, international normalized ratio (INR), serum 
sodium level, and whether the patient is undergoing dialysis. There are excep-
tions to the scoring system, including hepatocellular carcinoma, hepatopulmonary  
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syndrome, and portopulmonary hypertension, among others. Policy and medical 
recommendation updates on using the MELD score can be found through the 
United Network for Organ Sharing [6].

 5. How should a patient be evaluated pre-operatively for liver transplant, both 
immediately before surgery and while awaiting transplant availability?

During evaluation for liver transplantation, patients undergo extensive work-up. 
General assessment includes past medical and surgical history, physical examina-
tion, vaccinations, psychosocial assessment, and evaluation by a hepatologist and 
transplant surgeon. It is now recommended that liver transplant programs formally 
include an experienced liver transplant anesthesiologist in the selection and longer- 
term preoperative evaluation process. Early involvement of an anesthesiologist pro-
vides the unique perspectives the anesthesiologist brings, including management 
and optimization of cardiac and pulmonary issues. It also improves pre-planning 
of the anesthetic/perioperative care. Laboratory work-up includes type and screen, 
testing for antibodies, complete blood count, coagulation studies, basic metabolic 
panel, liver function tests, thyroid studies, tumor markers, urinalysis, and testing 
for hepatitis and communicable diseases like HIV and tuberculosis. Imaging often 
includes chest x-ray, CT scan of thorax and abdomen, and liver ultrasound. Cardiac 
evaluation includes an electrocardiogram and echocardiogram. Based on these 
results and associated comorbidities, the patient may be referred to a cardiologist 
and other specialists while still on the waiting list for a liver transplant [7, 8].

Due to the unscheduled nature of liver transplantation, the anesthesiologist who 
will care for the patient likely will not know of the case until 12 h prior to surgery. 
Patients are usually admitted for preoperative lab work-up and are kept NPO. The 
anesthesiologist should evaluate the patient in person as soon as possible. Table 25.1 
lists specific anesthetic considerations unique to ESLD. The anesthesiologist should 
also inquire about potential contraindications to liver transplantation, including 
undiagnosed, unstable arrhythmias, such as atrial fibrillation with rapid ventricular 
response, and severe pulmonary hypertension. Since most patients will not have 
seen an anesthesiologist prior to admission, the provider should evaluate the airway 
and prepare for possible difficult intubation. Depending on the patient’s NPO status, 
degree of ascites, gastroesophageal reflux disease, or other causes of delayed gastric 
mobility, the patient may need a rapid sequence induction or an awake fiber-optic 
intubation to protect against aspiration.

 6. What monitors and access should be used for a liver transplant? Is trans- 
esophageal echocardiography (TEE) necessary? Can a TEE probe be safely used 
in the presence of esophageal varices?

Monitors: Routine American Society of Anesthesiology (ASA) monitors are 
used, including pulse oximetry, blood pressure, 5-lead electrocardiogram, ETCO2, 
and core temperature. Urine output is monitored as well [7, 8]. Additionally, invasive 
blood pressure monitoring in the form of both a radial arterial line and a femoral 
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Table 25.1 Manifestations of end-stage liver disease and their anesthetic impact

System Characteristics Anesthetic impact

Neurological Hyperammonemia → hepatic 
encephalopathy, coma, asterixis, altered 
mental status, seizures
In fulminant liver failure → cerebral 
edema → increased intracranial pressure 
(ICP) → herniation; intracerebral 
hemorrhage

Caution with factors that 
increase ICP

Most liver failure patients will die of 
intracerebral hemorrhage

Cardiovascular Low systemic vascular resistance Cardiac effects:

Portal hypertension Decrease SVR + central 
hypovolemia = hyperdynamic 
circulatory state

Splanchnic and peripheral vasodilation

Cirrhotic cardiomyopathy Cardiac dysfunction can be 
masked by the ESLD (LV 
faces low SVR)
Supernormal cardiac output, 
with impaired contractile 
reserve in response to stress
Vascular Effects:
Expansion and redistribution 
of blood volume → relative 
splanchnic hypervolemia and 
effective central hypovolemia

Occasionally, ESLD is due to underlying 
cardiac disease

Preoperative EKG and 
echocardiogram within 1 year 
prior to surgery should be 
obtained to evaluate baseline 
cardiac function

ESLD → left ventricular hypertrophy, 
myocardial fibrosis, and subendothelial 
edema → myocardial stiffness

Left ventricular diastolic 
dysfunction

Undiagnosed coronary artery disease due 
to associated risk factors (age, male, HTN, 
T2DM, non-alcohol-related etiology of 
cirrhosis)

Unrecognized, asymptomatic 
CAD → intraoperative or 
postoperative MI

Pulmonary Ascites → restrictive lung physiology, 
decreased functional residual capacity

Decreased respiratory reserve, 
faster oxygen desaturation

Ascites → pleural effusions, right > left
Pulmonary edema

Hepatopulmonary 
syndrome

Vascular endothelial growth factor 
(VEGF) not cleared by liver → 
arteriovenous malformations → increased 
shunting within the intrapulmonary 
vasculature → hypoxemia

Hypoxemia on ABG

(continued)
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arterial line should be used. The radial arterial line may be placed prior to or after 
anesthetic induction, depending on the patient’s underlying cardiac and pulmonary 
function. For example, a patient with concomitant severe pulmonary hypertension or 
aortic stenosis would be predicted to have greater hemodynamic instability during 
induction than a patient with no cardiac disease. A femoral arterial line is  beneficial 
because the radial arterial waveform may become dampened during the case due to 
vasoplegia or peripheral vasoconstriction. It is important to monitor core tempera-
ture, such as esophageal or bladder temperature. During reperfusion, the surgeons 
perform a staged unclamping of the inferior vena cava. The surgeons and anesthesi-
ologist will carefully monitor the decrease in temperature associated with reperfu-
sion of cold blood into the systemic circulation.

Table 25.1 (continued)

System Characteristics Anesthetic impact

Portopulmonary 
hypertension

Toxic mediators not cleared by the liver → 
increase in pulmonary vascular resistance 
→ pulmonary hypertension

Right heart strain/failure
Contraindication to 
transplantation if 
moderate-severe

Gastrointestinal Ascites Higher aspiration risk despite 
NPO status. Rapid sequence 
induction recommended

Esophageal varices Caution with TEE probe 
placement. Potential for 
bleeding risk

Peptic ulcer disease
Massive splanchnic vasodilation

Renal Hepatorenal syndrome: massive 
splanchnic vasodilation → low renal 
perfusion pressure → renal system 
attempts to vasoconstrict by activating the 
renin-angiotensin-aldosterone system → 
salt and water retention

Potentially overall fluid- 
overloaded. Caution with fluid 
resuscitation, as distended 
IVC is suboptimal for surgeon

Hematologic All clotting factors are disordered
Fragile equilibrium between being 
hypercoagulable and prothrombotic

Cannot interpret coagulation 
status by lab values alone. 
Must send frequent ABGs and 
TEGs intraoperatively

Endocrine/
metabolic

Impaired glucose homeostasis, decreased 
gluconeogenesis → hypoglycemia

Frequent serum glucose 
measurements

Electrolyte imbalances, malnourished, 
chronic hyponatremia (water > sodium), 
hypokalemia, hypomagnesemia
High volume of distribution Theoretically need a higher 

dosage of induction agents, 
but also have impaired hepatic 
metabolism of drugs

Infectious disease Prone to infection, bacterial translocation 
across cut well

Spontaneous bacterial 
peritonitis

Most common infection is actually 
pneumonia
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Intravenous access: Large-bore intravenous (IV) access should be estab-
lished at the start of the case in anticipation of massive transfusion and fluid 
resuscitation. This usually includes one or two central lines in the right and/or 
left internal jugular veins or femoral veins if cannulation is difficult. One central 
line can be connected to a rapid infuser such as the Belmont. A second central 
line or a large-bore 14 G or 16 G peripheral IV can be used for cryoprecipitate 
and platelets. This decreases the risk of clotting off the largest central venous 
access line.

Pulmonary artery (PA) catheter: Overall, there is a trend away from utilizing PA 
catheters during liver transplantation. Risks associated with PA catheters include 
delaying the start of the case in the event of difficult placement, atrial or ventric-
ular arrhythmias, clot formation, migration with position changes, and traumatic 
placement leading to myocardial wall damage. Benefits of the PA catheter include 
detection of pulmonary hypertension and right ventricular failure and improved 
assessment of volume status and hemodynamic changes. PA catheters are espe-
cially useful postoperatively when the patient goes to the intensive care unit (ICU). 
However, proper use of PA catheters does require expertise, and providers must 
know how to accurately interpret pulmonary artery pressures, cardiac output, and 
venous blood gases.

Transesophageal echocardiography (TEE): Whether or not a TEE probe is 
inserted at the start of the case largely depends on the provider’s preference and 
the patient’s underlying cardiac and pulmonary disease. Even if a TEE probe is 
not inserted prior to the start of surgery, most anesthesiologists will at least have 
a TEE probe and machine available in the room. If an intraoperative complica-
tion occurred, such as suspected cardiac arrest or suspected pulmonary embo-
lism, the provider would then be able to place the TEE probe. The benefit of 
placing the TEE probe early on is that a provider can conduct an initial survey 
of the four chambers and assess contractility and valvular function. The provider 
could then monitor cardiac function in real time and make more informed treat-
ment decisions. Echocardiographic changes such as new regional wall motion 
abnormalities indicating myocardial ischemia or acute tricuspid regurgitation 
suggesting pulmonary embolism or pulmonary hypertension provide invaluable 
information.

TEE probes can be difficult to place in some patients. In the patient who is 
already prepped, draped, and secured in position for surgery, it can be even more 
challenging to insert a TEE probe without disrupting the surgical field. Risks 
of placing the TEE probe are largely due to traumatic insertion causing dental 
damage, swelling or laceration of the oropharynx and larynx, and esophageal 
damage. In ESLD patients who may have esophageal varices, there is a sig-
nificant concern for variceal rupture leading to undetected hemorrhage. In this 
situation, the provider could gently place the TEE probe and leave the probe in 
the mid-esophageal four- chamber view. The four-chamber view would provide 
a global assessment of cardiac function. Minimizing manipulation of the TEE 
probe would theoretically decrease the risk of esophageal trauma and variceal 
rupture.
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 7. What is a safe method of induction?

There are multiple ways to induce anesthesia in a liver transplant patient. The 
safest induction achieves the following: (1) secure the airway quickly and with 
minimal trauma; (2) avoid gastric aspiration; (3) avoid hemodynamic instability; 
and (4) ensure amnesia and analgesia. The choice of induction agents ultimately 
depends on the provider’s preference. Common induction agents include propofol, 
etomidate, and ketamine, with some combination of benzodiazepines and opiates 
such as fentanyl. Each agent has its pros and cons, including amnesia, analgesia, 
muscle relaxation, and sympathetic blockade [2, 7, 8].

As with all anesthetics, the provider must consider the patient’s underlying car-
diac and respiratory function. Usually, patients with ESLD have hyperdynamic 
hearts with a low systemic vascular resistance and high cardiac output. They may 
also have hepatopulmonary syndrome and/or portopulmonary hypertension. This 
can result in rapid oxygen desaturation and acute right heart failure with exacerba-
tors like hypoxemia and hypercarbia from apnea. Depending on whether the patient 
has acute or chronic liver failure, they may be in septic shock, be coagulopathic 
and bleeding already, have cerebral edema and elevated intracranial pressure, or be 
hemodynamically unstable.

Given the timing of transplants, a patient’s NPO status may warrant a rapid 
sequence induction. Patients with ESLD also may have significant ascites, which 
decreases the functional residual capacity, decreases time to oxygen desaturation, 
and increases the risk of aspiration. The patient may not have been seen in anes-
thesia preoperative clinic for an airway evaluation and other discussions about the 
anesthetic plan. The provider caring for the patient on the day of surgery must eval-
uate the patient in person as soon as possible. If a difficult airway is anticipated, the 
provider must have backup airway equipment available and may need to consider 
an awake intubation. The largest-sized endotracheal tube (ETT) that can smoothly 
be placed past the vocal cords should be used, in case the provider needs to perform 
a fiber-optic bronchoscopy emergently. Possible difficult perioperative situations in 
which suctioning and fiber-optic examination of the airways may be useful include 
pulmonary edema, bleeding in the airway, and mucus plugging. A silver-coated 
ETT is often used to decrease bacterial growth during a prolonged ICU course.

 8. Which TEE views are most helpful in a non-cardiac surgery?

TEE can be invaluable tool when used in the appropriate patient in the appropri-
ate context. Liver transplantation, which is characterized by periods of rapid and 
variable hemodynamic instability, is a good situation to have TEE available. For the 
non-cardiac anesthesiologist who does not regularly use TEE for monitoring, TEE 
can be intimidating. The value lies not in the act of obtaining many images but in 
the acquisition and interpretation of a few basic ones. Inordinate amounts of time 
should not be spent attempting to optimize the images, but effort should be applied 
to interpreting them and applying the TEE results to the clinical situation [4].

For non-cardiac surgery, eight basic TEE views usually suffice:
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 1. Mid-esophageal aortic valve short axis
 2. Mid-esophageal aortic valve long axis
 3. Bicaval
 4. Mid-esophageal RV inflow/outflow
 5. Mid-esophageal four-chamber
 6. Mid-esophageal two-chamber
 7. Mid-esophageal long axis
 8. Transgastric short axis

The purpose of TEE for non-cardiac surgery to look at two things: (1) structure 
and (2) function. A basic survey can be used to guide management and resuscitation 
(Table 25.2):

Signs of pulmonary hypertension include a thickened RV wall (chronic), dilated 
RV or RA, tricuspid regurgitation, interventricular septum shift toward the left ven-
tricle, and dilated pulmonary artery. Normally, the RV is half the size of the LV and 
is wedge-shaped on the mid-esophageal four-chamber view.

 9. What are the anesthetic challenges of the pre-anhepatic, anhepatic, and reperfu-
sion phases of liver transplant?

There are three stages to a liver transplant: (1) pre-anhepatic, when the surgeons 
dissect and remove the native liver; (2) anhepatic, when the surgeons insert the donor 
liver into the patient and create surgical anastomoses to connect the new liver to the 
recipient’s hepatobiliary system; and (3) reperfusion, when the surgeons gradually 
release vascular clamps and establish blood flow into the new liver [3, 8]. Each phase 

Table 25.2 Basic survey approach to transesophageal echocardiography

Question Answer Utility

Is there volume? Yes, it’s full Don’t give fluid
No, it’s empty Give fluid

Is the heart 
contracting well 
overall?

Yes, it looks normal/
hyperdynamic

Don’t give inotrope

No Give inotrope
Is there a regional 
wall motion 
abnormality?

Yes High suspicion for intraoperative 
myocardial ischemia/infarct

Don’t need to identify which 
coronary artery has the lesion

Consider consulting cardiologist and 
going to cath lab

At least try to identify lateral 
wall, inferior wall, 
interventricular septum, etc.
No Low suspicion for intraoperative MI

Is there regurgitation? Yes (aortic, mitral, tricuspid, 
pulmonic)

Variable, most useful is TR indicating 
acute R heart failure or acute 
pulmonary HTN or pulmonary 
embolism
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of the liver transplant is characterized by specific events, each with its own complica-
tions. Undoubtedly the most dangerous period is reperfusion. However, it is important 
to understand the unique events and anesthetic complications of all three phases. As 
with other routine anesthetics, the anesthesiologist’s responsibility is to help optimize 
operating conditions for the surgeon, anticipate and prevent complications, and react 
to complications in a timely, organized fashion [2, 7, 8] (Table 25.3).

 10. What drugs and blood products should be prepared for a liver transplant?

Routine medications, including narcotics, standard induction agents, muscle 
relaxants, and pressors, should be prepared. Liver transplants can be character-
ized by periods of rapid hemodynamic instability and major adverse events. These 
changes can occur quickly. It is recommended that additional inotropes and pressors 
such as epinephrine, norepinephrine, and vasopressin, as well as emergency drugs 
such as calcium chloride, sodium bicarbonate, atropine, and lidocaine be readily 
available. Many institutions have a designated “Anesthesia Liver Cart” that contains 
larger stocks of these medications. The following table lists the recommended drug 
preparations [2, 7, 8] (Table 25.4).

Regarding blood products, patients will frequently require dozens of units of 
packed red blood cells (PRBCs), fresh frozen plasma (FFP), and platelets, and 
potentially cryoprecipitate. Each institution has its own standardized protocol for 

Table 25.3 Phases of liver transplant

Phase Event Impact

Pre- 
anhepatic

Abdomen opened Release ascites
Ascites released Improvement in FRC and lung compliance
Loss of tamponade effect on 
splanchnic vessels

Hemodynamic changes (hypotension, 
bradycardia)
Hypovolemia from loss of ascites fluid

Usually coagulopathic Surgeon may request preemptive FFP and 
platelet transfusion to decrease bleeding 
during dissection

Adhesions/scar tissue Difficult dissection
Portal hypertension High risk of traumatic injury to liver or blood 

vessels with hemorrhage
Engorged splanchnic vessels May preemptively start pressors or give blood 

products
Check ABG/TEG q20min minimum
Keep volume low (low CVP) to decrease IVC 
distension and venous bleeding, and improve 
surgical view

Lifting of the liver Lose preload and therefore cardiac output
Anticipate by watching surgeons carefully 
and giving pressors

Acute vs. chronic liver failure Acute liver failure: no time for collaterals; 
volume depleted
Chronic liver failure: lots of collaterals
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liver transplants. It is routine to notify the hospital blood bank of the scheduled 
liver transplant. The blood bank will prepare batches of PRBcs, FFP, and platelets. 
Typically there is a designated fridge in the operating room specifically for blood 
storage. It is important to check frequently on the stock of blood products and call 
the blood bank to send more as needed.

 11. How can major adverse events be detected in a timely fashion? What is the 
value of communication between surgeons, anesthesiologists, nurses, techni-
cians, and perfusionists?

Liver transplantation is a particularly dynamic surgery. Hemodynamic changes 
due to surgical events can occur very quickly. It is critical that all providers in the 

Table 25.3 (continued)

Phase Event Impact

Anhepatic Clamp vessels Thrombus formation in IVC
Significant drop in preload

Anhepatic: no liver to make 
clotting factors or clear toxins

Massive bleeding potential, very high EBL
Acidosis: give bicarbonate, maintain adequate 
ventilation
Coagulopathy: give blood products
Frequent ABG/TEG q20min
Glucose: hypoglycemia
Hypocalcemia: massive transfusion; high 
citrate leading to calcium chelation
Hyperkalemia: hyperventilation, bicarbonate
Vasoplegia: lose arterial waveform, 
hypotension
Cold: bair hugger on, warmed room; cold 
temperature worsens coagulopathy

Waiting for surgeons to 
anastomose new liver

Organize anesthesia workstation
Have a couple syringes of epinephrine, 
bicarbonate, and calcium setup
Dilute epinephrine 10 mcg/ml in line ready to 
bolus
Carefully watch TEE, EKG, and arterial lines

Reperfusion Cold, acidotic, hyperkalemic, high 
lactate, and high citrate blood is 
reperfused and recirculated

This is when bad things happen (cardiac 
arrest, acute RV failure, MI, etc.)
Hypocalcemia → hypotension

Staged reperfusion: surgeons 
slowly unclamp

Hyperkalemia → arrhythmias
Cold → arrhythmias, coagulopathy
Massive blood loss → coagulopathy
Acidosis → arrhythmias, myocardial 
ischemia/infarction, coagulopathy, 
hypotension
Thrombi → arrhythmias, hypotension, 
pulmonary hypertension
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room communicate clearly, including surgeons, anesthesiologists, nurses, techni-
cians, and perfusionists. Closed loop communication is essential. Major intraopera-
tive events must be relayed to either side of the drapes in a timely fashion.

 12. How does an intracardiac thrombus form? What is the incidence of intracardiac 
thrombi during orthotopic liver transplant?

Intracardiac thrombosis is a rare but dreaded complication of orthotopic liver 
transplantation. The reported incidence ranges from 1.2% to 6.2%. It is associated 
with an intraoperative mortality of 30% and an in-hospital mortality of 45%. The 
true incidence is limited by the use of TEE, as not all hospitals use TEE routinely for 
liver transplantation. Eighty-five percent of thrombi will occur during the reperfusion 
phase. The mechanism for intracardiac thrombus formation is thought to be an imbal-
ance of prothrombotic and coagulopathic states, as well as resulting from low-flow 
circumstances. Traditionally, liver patients are primarily thought of as being prone to 

Table 25.4 Recommended medications to prepare for liver transplant

Narcotics Midazolam 10 cc
Fentanyl 20 cc

Induction agents Etomidate 10 cc
Propofol 20 cc

Paralytic Succinylcholine 10 cc
Rocuronium 10 cc

Steroids Methylprednisolone 500 mg × 1 (at beginning and end of 
case)

Antibiotics Ampicillin-sulbactam 3 g
Uppers (inotropes, pressors) Ephedrine 10 cc syringe

Phenylephrine 10 cc syringe
Epinephrine gtt (preprogram to 0.02 mcg/kg/min)
Phenylephrine gtt (preprogram to 20 mcg/min)
Norepinephrine gtt (preprogram to 1 mg/min)

Downers (antihypertensives) Nicardipine gtt (preprogram to 1 mg/h)
Nitroglycerin gtt (preprogram to 20 mcg/min)

Emergency drugs Vasopressin 1 unit/ml
Most institutions have a designated Epinephrine 10 mcg/ml in 10 cc syringe

Epinephrine 1 mg/10 ml in 10 cc syringe
“Anesthesia liver cart” containing 
these drugs

Atropine 1 mg/10 ml in 10 cc syringe
Lidocaine 100 mg/10 ml in 10 cc syringe
Calcium chloride 1000 mg/10 ml in 10 cc syringe
Sodium bicarbonate 50 meq/50 ml in 50 ml syringe
Multiple boxes stacked on top of the anesthesia cart/
machine very close by

Fluids 500 cc bottles of albumin
100 cc and 250 cc bags of normal saline to dilute 
medications
1 L bags of normal saline spiked and on fluid warmers
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bleeding. End-stage liver disease is now known to have a fragile coagulopathy that 
is prone to both bleeding and thrombosis. Theoretically, clots can form anywhere in 
the body and embolize to the heart, resulting in hemodynamic consequences. In the 
particular case described above, the clot was thought to have formed in a large ves-
sel such as the inferior vena cava, given the size of the clot. Clots can also form on 
central lines and pulmonary artery catheters, but tend to be associated with prolonged 
catheter duration. Close monitoring of the coagulation status is thus essential, to avoid 
excessive bleeding (inadequate blood product administration) as well as hypercoagu-
lability (too much blood product and coagulation factor administration) [9–15].

 13. What are the potential complications of an intracardiac thrombus?

An intracardiac thrombus can occlude the tricuspid valve (ball and valve lock-
ing mechanism), obstruct cardiac flow through the right atrium. The thrombus can 
break off into smaller clots, which can then embolize into the pulmonary circula-
tion, leading to pulmonary hypertension, acute right ventricular failure, and pul-
monary edema. If the patient has an atrial septal defect or patent foramen ovale, 
which 20% of patients do, the clot may embolize from the right to left heart, to the 
systemic circulation including the cerebral arteries, and cause ischemic strokes [ 
10–12, 14–17].

 14. What are the options to treat an intracardiac thrombus?

Treatment is primarily aimed at hemodynamic support with vasopressors and 
inotropic agents and possibly extracorporeal membrane oxygenation. Providers 
may also consider systemic thrombolytic therapy, such as heparin or recombinant 
tissue plasminogen activator, or surgical thrombectomy. The challenge with admin-
istering thrombolytic therapy is that most commonly, after transplantation of the 
donor liver, the primary problem encountered is maintaining hemostasis and man-
aging coagulopathy. Administration of a large dose of thrombolytic medication may 
dissolve the intracardiac thrombus, but lead to systemic bleeding particularly at the 
site of the new liver graft [11–12, 14–17].

 15. How is acute massive blood loss managed intraoperatively?

The following table summarizes guidelines for management of acute massive 
blood loss intraoperatively. Primary goals include calling for help, notifying the sur-
geons and blood bank, establishing large-bore IV access, administering blood prod-
ucts, supporting hemodynamics to maintain end-organ perfusion, and continually 
reassessing coagulopathic state with labs. Providers should know their hospital’s 
massive transfusion protocol and how to initiate it in a timely fashion (Table 25.5).

 16. What is the Belmont rapid infuser? What checks and balances are in place to 
prevent clot formation and embolization?

The Belmont Infuser is a rapid infusion system used for high blood loss surgical 
procedures, trauma resuscitations, and any situation where rapid replacement and 
warming of blood or fluids may be needed. It is a useful tool that enables rapid infu-
sion of products while freeing the provider’s hands for other tasks [18].
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The Belmont machine is quick and easy to prepare. It consists of a reservoir 
chamber to collect blood and a machine to warm blood and detect air and clots. 
Simple instructions appear on the machine’s screen when it is first powered on. 
The provider can program infusion rates based on the catheter size connected to 
the Belmont tubing. For example, a 12 G catheter can tolerate an infusion rate of 
1000 ml/min, whereas a 20 G catheter can accept a rate of 100 ml/min. To minimize 
clot formation, lactated ringers, platelets, and cryoprecipitate cannot be infused 
through the Belmont machine.

There are multiple system checks to stop air and blood clots. Within the machine 
itself, there are two air detectors that automatically detect, remove, and release air 
into the environment. A pressure sensor continuously detects and displays pressure 
within the system. If there is an acute increase in pressure or a pressure greater than 
300 mmHg, a high-pressure alarm will sound until the obstruction is resolved. The 
machine automatically slows the flow rate to a safe line pressure. Additionally, there 
is a high-speed peristaltic pump that breaks up clots and a warmer to prevent cool-
ing and clot formation. The machine automatically recirculates blood while actively 
infusing or in standby mode. The provider can also manually recirculate blood at a 
higher rate of 200 ml/min by pressing a recirculation button.

 17. What is in a blood product?

The following diagram illustrates one method of the separation of blood products:

Table 25.5 Guidelines for acute massive blood loss

Goal Intervention Comments

Call for 
help

Blood bank Blood bank mobilizes 45 U PRBC, 45 U 
FFP, 4–6 U platelets ASAPa

OR RN Blood bank supplies batches of 10 U 
PRBC, 10 U FFP, 1–2 U Plt to OR ASAPaOR runner

Massive transfusion protocol
Restore 
volume

Large-bore IV access, central line
Crystalloid, colloid Caution with dilutional anemia

Caution with coagulopathy
Monitor CVP

Blood products Blood loss is often underestimated
Caution with coagulopathy
Caution with hypothermia
Caution with hypocalcemia

Maintain normal BP and UOP Pressors, inotropes
Arrest 
bleeding

Early surgical intervention

Monitor 
labs

CBC, coagulation studies (PT, PTT, 
INR), fibrinogen, TEG, ABG, BMP

aBased on Blood Bank Manual at University of California, San Diego
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Cryoprecipitate consists of factor VIII, factor XIII, von Willebrand factor, and 
fibrinogen. One unit of FFP contains twice the amount of fibrinogen and twice the 
amount of factor VIII as one unit of cryoprecipitate. Typical ratios for transfusion 
are 2:2:1 of PRBC/FFP/platelet or 3:3:1 of PRBC/FFP/platelet [19] (Fig. 25.2).

 18. How is coagulation status assessed intraoperatively?

Depending on the institution, CBC, coagulation studies, fibrinogen, and BMP 
can take up to an hour to result. Thus, they are of limited utility in the more 
acute intraoperative setting. Also, coagulation studies may indicate a coagulo-
pathic or prothrombotic state that does not actually correlate with the clinical 
picture. This is because in end-stage liver disease, multiple clotting factors are 
abnormal. The more useful tool will be the thromboelastogram (TEG), which 
is a viscoelastic hemostatic assay that measures whole blood clot formation 
[19–20] (Table 25.6).

Liver transplantation is one of the most complex surgeries performed, requir-
ing extensive preparation and seamless communication in the operating room. 
Managing the coagulation status of patients undergoing liver transplantation is 
complex, with continuous risks of hypo- and hypercoagulability. Diagnosing an 
intracardiac thrombus requires vigilant hemodynamic monitoring and skilled use of 
transesophageal echocardiography. When a cardiac or great vessel thrombus occurs, 
aggressive resuscitation is often required, as well as continued monitoring and man-
agement of coagulation status.

Whole Blood

Light Spin

Platelet Rich Plasma

Heavy
Spin

Platelet
Concentrate

Cryo-
Precipitate

Heavy Spin

Packed Red Blood Cells Platelet Poor Plasma

Rapid Freeze

Fresh Frozen Plasma

Thaw

Cryo-poor Plasma

Fig. 25.2 Simplified diagram showing components of blood products and their origins
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Chapter 26
Preventing Perioperative Complications 
of Epidermolysis Bullosa

Claire Soria and Mark Greenberg

 Case Presentation

An 11-year-old girl, 3′10″, 17 kg, with severe epidermolysis bullosa dystrophica 
(L1) with chronic sloughing, bilateral hand contractures, and syndactyly (L2), 
presented for outpatient surgery. She was scheduled for left-hand skin excision; 
de- cocooning, with first web space deepening; syndactyly releases (L3); and 
full-thickness skin grafting. Significant preoperative findings included general-
ized scars, blisters, and joint contractures. Chronic pain control was a challenge, 
as she developed gastrointestinal upset with NSAIDs and did not tolerate opioids 
well. She had developed itching, mood irritability, and severe constipation with 
all opioids. The pruritus was especially concerning as this led to scratching and 
severe skin ulcers in the past. She was being followed by the UCSD Pain Service 
as an outpatient. At home, her pain management regimen included taking mod-
est amounts of oral morphine and ibuprofen and spreading cannabidiol oils over 
her skin. The cannabinoid was most effective and was her mainstay of therapy. 
Airway assessment revealed Mallampati II, thyromental distance 3 cm, full range 
of motion of neck, and 3 cm interincisor distance. Mouth opening was limited but 
intubation had not been a problem in the past.

Additional past medical history included previous admission at 6 years of age 
for daily wound care and allograft placement over her anterior and posterior torso 
due to mechanical trauma suffered from uncontrolled itching/scratching of her 
skin. She underwent esophageal dilation for esophageal stricture during that time. 
Eventually she required gastric tube placement due to failure to thrive, which was 
later removed due to skin breakdown at the insertion site. At the time of presenta-
tion for her current surgery, she was able to eat soft foods by mouth. She could 
ambulate independently for short periods of time and used a powered wheelchair 

C. Soria (*) · M. Greenberg 
Department of Anesthesiology, University of California, San Diego, CA, USA
e-mail: mgreenberg@ucsd.edu; csoria@ucsd.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12365-9_26&domain=pdf
mailto:mgreenberg@ucsd.edu
mailto:csoria@ucsd.edu


484

for longer distances. She was cognitively intact, was homeschooled by her mother, 
and enjoyed playing with her electronic digital tablet.

In preparation for surgery, significant operating room coordination was nec-
essary. The anesthesia, surgery, nursing staff, and wound care team all met in 
the OR to discuss the important points of skin protection which were as fol-
lows: preventing lateral skin shearing forces, minimizing direct physical contact 
with the patient, thoroughly padding all pressure points, avoiding stickers or 
tight wraps around the skin, thoroughly lubricating equipment that would touch 
skin with petroleum jelly, providing a layer of gauze or other cloth protection 
between equipment and skin if possible, lifting or repositioning the patient very 
gently, and double-checking padding. A supply cart full of Xeroform®, cush-
ions, Aquaphor® ointment, and Vaseline® gauze was kept in the room through-
out the case.

 Preoperative Evaluation (L4)

On examination, the patient had no evidence of oral sores or bleeding in the mouth. 
No evidence of new blistering was noted. The anesthesia team discussed pain man-
agement with the patient and her mother. For pain management, the plan was to 
avoid opioids as much as possible. The patient was cooperative and no premedica-
tion was necessary. Although she came in to the hospital in a motorized wheel-
chair, she was able to walk herself from the preoperative area to the OR and, with 
a stool, crawled up onto the OR table and positioned herself appropriately with 
verbal guidance (L5).

 Monitors

The monitors used were coated with Aquaphor®, including the clip-on pulse oxim-
eter probe (L6). A sticker pulse oximetry monitor was not used. EKG leads were 
avoided in order to prevent new skin lesions. EKG needle electrodes were available 
in the OR for emergency use. To monitor blood pressure, a noninvasive cuff was 
wrapped around her calf, which was coated with Aquaphor® ointment and gauze, 
and the cuff was cycled every 10 min. For protection of her scalp, a gel pad was used 
instead of a foam pad, which was also covered in Aquaphor® ointment. Foam pad-
ding and gauze covered with Aquaphor® and/or Xeroform® were applied around all 
pressure points such as the elbows, heels, and knees. Neuromuscular blockade was 
not monitored.
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 Induction

Due to the patient’s skin disease, intravenous access would have been difficult to 
obtain, thus the decision was made to perform an inhalational induction. The cir-
cuit facemask was prepared to be a soft cushion, which was liberally coated with 
Aquaphor®. Anesthesia was induced with 8% sevoflurane and 70% nitrous oxide 
(L7). A light chin lift was applied to assist with ventilation during induction. Care 
was taken to minimize pressure on the chin by lifting the finger and applying pres-
sure lightly as needed. During this time, a 22 G peripheral IV was placed in the hand 
(L8). The catheter was secured with Xeroform® and Aquaphor® wrapping the 
catheter circumferentially and covered lightly with self-adherent wrap (Coban®). 
The anesthesia was then deepened with propofol, and the patient’s muscles were 
relaxed with vecuronium. Her trachea was intubated using a Miller 2 laryngoscope 
and a cuffed 4.5 ETT, both of which had been coated in Aquaphor® (L9). The cuff 
was inflated with the minimal volume of air needed for an adequate seal. The tube 
was secured with twill, which was covered with Xeroform and Aquaphor applied 
to the face and then tied in place. The eyes were protected with eye lubricant and 
not taped.

 Maintenance

Anesthesia was maintained with a combination of a propofol infusion 200 mcg/
kg/min, low-dose sevoflurane, vecuronium, and dexmedetomidine. Muscle relax-
ant dosing with vecuronium was based on the appearance of spontaneous breaths 
over the pressure-controlled ventilation settings. Cefazolin was given as antibiotic 
prophylaxis. Additionally, she was given weight-based dosing of ketorolac and 
acetaminophen at the end of the case (L10). For prophylaxis of postoperative 
nausea and vomiting, she received weight-based dosing of metoclopramide and 
ondansetron.

 Emergence

The propofol infusion was discontinued 45 min prior to extubation, and sevoflurane 
was discontinued 30 min prior. The patient was given appropriate weight-based dos-
ing of neostigmine and glycopyrrolate for reversal. A lubricated ten French suction 
catheter was used to gently suction the mouth. The decision was made to extubate 
her while deep anesthetized to decrease the risk of trauma from the endotracheal 
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tube from coughing (L11). Emergence was unremarkable, with no pain issues or 
no recall of events. The issues related to epidermolysis bullosa management were 
reviewed with the nursing staff and the anesthesia team remained with the patient 
until the patient was awake and stable.

 Lessons Learned

 1. What is epidermolysis bullosa?

Epidermolysis bullosa (EB) is a rare genetic mechanobullous disorder character-
ized by excessive fragility of skin and mucous membranes [1]. Mutations in genes 
coding for collagen, responsible for epidermal adherence, cause the disease. The 
type of epidermolysis bullosa is defined by where in these layers the blisters form. 
This can be diagnosed by skin biopsy for immunofluorescent mapping to identify 
the layer of skin and proteins involved [2]. Genetic testing can confirm the diagnosis 
but is expensive. Families with histories of EB may consider prenatal testing and 
genetic counseling. Most forms of EB are inherited and appear in infancy or early 
childhood, although some patients do not develop signs and symptoms until adoles-
cence or early adulthood. Siblings with epidermolysis bullosa can present clinically 
with different severities of the disease.

Shearing forces and friction lead to intradermal fluid accumulation and resultant 
bullae formation [3]. Compressive forces are better tolerated than shearing forces, 
but can still lead to bullae formation. Blisters can form in response to even minor 
injury, including heat, friction from rubbing, scratching, or adhesives. The blisters 
form not only on external skin but also inside the body, such as the lining of the 
mouth or the intestines. There is no correlation between the degree of skin involve-
ment and the severity of the disease internally in the pharynx and esophagus.

Most patients die during childhood due to malnutrition. Malnutrition leads to 
hypoproteinemia, anemia, and electrolyte imbalance, which can affect pharmaco-
dynamics of anesthetic agents. Infection is common because patients have poor 
immunity and are often on long-term corticosteroid treatment [1]. There is no cure 
for EB at this time. Treatment addresses symptoms such as infection and itching, 
pain control, and wound care (Table 26.1).

 2. What are the complications of epidermolysis bullosa? [2–4, 6]

Patients with EB present for multiple surgeries to treat complications of EB, 
especially skin infection and esophageal and tracheal stenosis from scarring 
(Table 26.2).

 3. What types of surgeries will EB patients require?

EB patients will present for multiple surgeries throughout their lifetimes, most 
commonly for wound care and extensive dressing changes. These include plastic 
surgeries to correct pseudosyndactyly of hands and feet, release of joint contrac-
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Table 26.1 Most common types of epidermolysis bullosa

Junctional epidermolysis bullosa
Epidermolysis bullosa 
dystrophica

Incidence 1–2 in 1,000,000 1–2 in 1,000,000
Life expectancy 1–5 years old Early 20s
When clinical signs 
appear

Severe, apparent at birth Starts in birth or early childhood

Characteristic 
clinical features

Blisters, scars on vocal cords Progressive scarring and 
deformity

Notable for laryngotracheal and 
genitourinary tract involvement

Oropharyngeal and esophageal 
involvement

Genetic cause Autosomal recessive mutation in 
fibrils

Autosomal dominant or recessive 
mutation in collagen

Cause of death Sepsis Metastatic squamous cell 
carcinoma

Failure to thrive Sepsis
Respiratory failure Pneumonia
Renal failure Cardiomyopathy

Renal failure

Based on data from Refs. [1, 2, 4, 5]

Table 26.2 Clinical signs, 
symptoms, and complications 
of epidermolysis bullosa

Signs and symptoms Complications

Fluid-filled blisters on skin 
due to friction

Bacterial infection
Atrophic scarring
Squamous cell carcinoma

Deformity or loss of 
fingernails, toenails

Pseudosyndactyly
Joint contractures

Internal blistering: vocal 
cords, upper airway

Oral and pharyngeal scarring
Limited mouth opening
Laryngotracheal scarring

Internal blistering: esophagus Esophageal strictures
Dysphagia
Malnutrition
Anemia
Failure to thrive
Growth retardation
Impaired wound healing
Dehydration
Constipation

Scalp blistering Scarring alopecia
Eye inflammation Corneal erosion

Blindness
Poorly formed dental enamel Tooth decay
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tures, and release procedures to increase mouth opening [6]. Due to scarring of the 
esophagus, patients may require upper endoscopy or esophageal dilation in order 
to eat. If patients are unable to tolerate oral intake, they will need gastrostomy tube 
placement to prevent malnutrition and failure to thrive [2].

 4. What are the goals of safe anesthetic management?

 1. Prevent the formation of new lesions.
 2. Optimize pain control.
 3. Avoid airway trauma, especially with induction and emergence.

To achieve these goals, it is essential to have an anesthetic plan carefully pre-
pared before the starting the case. Holding a preoperative meeting with all OR 
personnel is critically important to success. During this time, it is key that staff 
members review how to move the patient and what supplies will be needed for the 
case. Retaining a cart that has large stocks of the necessary skin care products will 
help the case progress smoothly.

The importance of avoiding creating new lesions in the skin, airway, or esopha-
gus cannot be overemphasized. The formation of a new lesion can have debilitating 
consequences. For example, if, intraoperatively, the patient developed a new esoph-
ageal bulla from a temperature probe, or a new oropharyngeal lesion from a trau-
matic intubation, then the child would not be able to eat for days to weeks until that 
lesion healed. This would exacerbate the child’s already poor nutritional status and 
make pain control even more challenging. EB patients are malnourished and require 
a high number of calories and proteins to continually heal their lesions. Respiratory 
tract lesions incurred during airway management can also lead to edema and stric-
ture. This may result in delayed extubation, respiratory difficulty, prolonged hospi-
talization, and increased risk of infection.

 5. How should an epidermolysis bullosa patient be positioned on the OR table? 
How should the patient be repositioned during surgery? (Fig. 26.1)

Extreme caution must be used when positioning a patient to avoid creating new 
lesions. If the patient is able to walk and follow verbal instructions, the patient can 
walk into the OR and position himself on the OR table. This avoids staff members 
inadvertently placing pressure and tension on the patient’s skin. The patient can also 
then identify which position is most comfortable. Once the patient is anesthetized, 
all patient repositioning must be coordinated with the members of the OR team. All 
movements should be slow, gentle, and well coordinated to avoid placing any ten-
sion on the skin.

There should be no direct contact between the patient’s skin and the OR table. 
This can be achieved by applying a layer of lubricated gauze or other cloth protec-
tion between the skin and table or equipment where possible. Lubricated cushions 
can be applied at each pressure point, such as the heels, elbows, and occiput. No 
stickers or tight wraps should be used on the skin. Each piece of equipment that may 
touch the skin must be thoroughly lubricated.
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 6. Which monitors should be used during surgery? How can monitors and lines be 
secured? (Figs. 26.2 and 26.3)

 1. Monitoring pulse oximetry is necessary to assess oxygenation status. Pulse 
oximeters with adhesive stickers should not be used. Using a clip-on pulse 
oximeter is acceptable and if well lubricated will not cause blisters. Lubricant 
should be applied all around the monitor including the inside of the clip where 
it touches the patient’s skin. With all monitors, extra slack must be applied on 
the cables in the event that someone accidentally pulls on the cable. This 
adverse event can cause shearing of the skin.

 2. EKG leads may be optional depending on the patient’s comorbidities and the 
type of surgery being performed. For example, if the patient has cardiac 

Fig. 26.1 Padding pressure points. The sterile blue drape underneath the patient was used as a 
hammock to move the patient intraoperatively. Lubricated foam pads, pillows, and Xeroform® 
gauze were placed at all pressure points including the heels and elbows. Monitoring interfaces and 
IV access were secured with lubricated gauze, not tape on the skin. Wherever possible, there was 
no direct contact between monitors and skin

Fig. 26.2 Pulse oximeter. A layer of lubricant was placed between the patient’s skin and the clip-
 on pulse oximeter probe. To reduce tension of the clip-on probe on the skin, the pulse oximeter 
cable was wrapped with lubricated gauze around the patient’s foot and ankle. Note that the tape 
and Coban® dressing are not in contact with skin
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disease or there is concern for the development of arrhythmias intraopera-
tively, EKG leads may be necessary. The most commonly available EKG 
leads are adhesive stickers, which are not recommended in EB patients. If it 
is  necessary to use EKG leads, needle electrodes are safer than adhesives. 
Needle electrodes can also damage the skin and may not be readily available 
at every institution. An alternative method to safely apply standard silver 
EKG electrodes is to remove all of the adhesive and then place them on the 
skin. The electrodes can then be secured to the extremities with Vaseline® 
gauze and Kling® wrap gauze.

 3. A blood pressure cuff is necessary for measuring hemodynamic stability. It is 
important to not wrap the cuff directly around the skin. As the cuff tightens, it 
can pinch the skin. The compressive force can also cause skin trauma. A safer 
method is to wrap the cuff loosely around the extremity with a protective 
layer of lubricated gauze in between the cuff and skin. Depending on the 
degree of hemodynamic changes expected, the cuff can be cycled less fre-
quently than usual, for example, every 5–10 min rather than every 2.5 min. 
Since the cuff is wrapped more loosely, the blood pressure reading will be 
falsely low. Therefore, it is necessary to follow the trends, not just the abso-
lute readings, when assessing hypertension or hypotension.

 4. To monitor neuromuscular blockade with a nerve stimulator, as with EKG 
leads, stickers should not be used. If neuromuscular monitoring is deemed 
absolutely essential, metallic electrodes can be placed lightly on lubricated 
skin.

 5. A temperature probe is not absolutely necessary. There is a significant risk of 
shear forces leading to esophageal lesions when a temperature probe is 
blindly inserted, even if it is well lubricated. Discuss with OR staff about 
keeping the room warm and minimizing loss of heat through exposure. EB 
patients can become hypothermic quickly during surgery due to heat loss 
from their extensive skin lesions.

Fig. 26.3 Blood pressure cuff. The blood pressure cuff was placed on the patient’s calf because 
the surgeons were operating on the patient’s upper extremities. The cuff was wrapped over the 
patient’s dressing and more loosely than usual to minimize compressive forces. Inflation of the cuff 
alone should not cause lesions, but excess inflation should be avoided

C. Soria and M. Greenberg



491

 7. How can a patient with epidermolysis bullosa be mask ventilated safely?

It is important to use extreme caution with finger placement and pressure while 
mask ventilating a patient with EB. Patients can easily develop blisters even from 
compressive forces. There should be a layer of lubricant between the anesthesi-
ologist’s fingers and the patient’s skin. Only minimal compressive force should be 
applied for a chin lift and jaw thrust. The anesthesiologist must lift his fingers inter-
mittently, avoid creating shearing force or tension while masking, and frequently 
check for signs of blister formation while mask ventilating. Nasopharyngeal and 
oropharyngeal airways should not be routinely placed unless absolutely needed for 
difficult mask ventilation. If airway adjuncts are needed, lubricant should be applied 
and the airway adjunct gently inserted. There is a significant risk of shearing forces 
creating bullae in the nasopharynx and oropharynx during insertion and removal.

 8. How is intravenous access established in a patient with EB? (Fig. 26.4)

The majority of EB patients are children and young adults. If the patient does not 
come to the operating room with intravenous access, mask induction before gaining 
IV access is preferred, especially in young children. Due to the patient’s parchment- 
thin skin, peripheral veins are usually well visualized even without a tourniquet. 
That being said, it is best to have the most experienced anesthesiologist place the 
IV to minimize repeated trauma to the skin from less experienced providers. If a 
tourniquet is needed for IV placement, lubricated gauze should be wrapped around 
the extremity and the tourniquet placed over the gauze, using as minimal pressure 
needed. Tegaderm® and other bio-occlusive dressings should not be used.

 9. How does the anesthesiologist choose the safest airway management technique? 
How is an epidermolysis bullosa patient safely intubated? (Fig. 26.5)

There is no contraindication to endotracheal intubation in EB patients. As with 
all anesthetic plans, the decision to intubate will depend on the patient and the type 

Fig. 26.4 Peripheral IV. The peripheral IV was secured with lubricated gauze gently wrapped 
several times around the hand. Adhesive tape was only applied to the gauze externally to secure the 
wrapping. The IV tubing was lubricated as well in case it came into contact with the skin under the 
drapes
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of surgery. The anesthesiologist should conduct a proper airway exam and antici-
pate a difficult airway in advance. It is pivotal that all airway equipment be prepared 
ahead of time and readily available in the event of a difficult mask ventilation or 
intubation. Carefully outlined backup plans are essential to avoid an uncontrolled 
situation that may result in trauma.

Any instrument that goes into the nasopharynx or oropharynx, including laryn-
goscopes and endotracheal tubes, must be generously lubricated. Irritation of the 
columnar mucosa of the nares, larynx, and trachea can cause laryngeal and subglot-
tic stenosis. Intubations should be done cautiously. Using minimal force on direct 
laryngoscopy and avoiding shearing forces as much as possible will minimize 
airway trauma. If a difficult airway is anticipated, a fiber-optic intubation may be 
the first choice rather than direct laryngoscopy. Limiting the number of intubation 
attempts will reduce trauma. Although laryngeal mask airways have been used in 
EB patients in other case reports, LMAs are not recommended. As a large silicone 
structure sitting in the larynx, the LMA has a high risk of causing mucosal damage 

Fig. 26.5 Endotracheal tube securement. Prior to induction, a lubricated silicone head cushion 
was placed underneath the patient’s head. Lubricated gauze was wrapped circumferentially around 
the patient’s head, and the twill tape was used over this layer to secure the ETT without directly 
touching the skin. Adhesive tape, traditionally used for securing endotracheal tubes, cannot be 
used in EB patients. Eye lubricant was placed over the eyelids to prevent abrasions. No adhesive 
tape was used to tape the eyelids closed. Extra slack was provided on the circuit tubing. The tubing 
was loosely connected to the ETT so that in the event of tension, it would disconnect from the ETT 
rather than pull on the ETT and create shearing forces within the patient’s airway
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with blind insertion. Mouth opening also is reduced in EB patients, so insertion of 
an LMA into the oropharynx alone can cause trauma to the lips and tongue.

 10. What are the options for providing postoperative analgesia?

It is important to ensure adequate postoperative analgesia to enable faster recov-
ery from surgery, patient comfort, and earlier discharge to home. Consequences 
of poorly controlled pain in the immediate postoperative period include emo-
tional and physical distress, sleep disturbance, impaired respiratory function due 
to pain from coughing, increased metabolic requirements, and impaired gas-
trointestinal motility. In particular, if children with EB emerge from anesthesia 
in significant pain, they may thrash around and scratch their skin, exacerbat-
ing or creating new skin lesions. Long-term effects of uncontrolled pain include 
chronic pain, behavioral changes such as difficulty sleeping or mood changes, 
and poor wound healing. The impact of uncontrolled pain is especially great for 
EB patients, as they already suffer from chronic pain and malnutrition due to 
extensive skin lesions [7, 8].

Multimodal analgesia employs a strategy of opioid and non-opioid analgesics, 
including neuraxial techniques and regional blockade, to improve pain control and 
minimize side effects of narcotics. Better pain control results from targeting mul-
tiple different receptors involved in nociception. Parents of children with EB are 
helpful resources for the anesthesiologist in deciding on pain management. In car-
ing for their children at home with wound dressing changes, parents know which 
medications work well and which cause significant side effects (Table 26.3).

Table 26.3 Opioid and non-opioid intravenous analgesics

Class of drugs Examples and dosing Side effects

Opioids Fentanyl (0.5–1 mcg/kg) Drowsiness and sedation
Hydromorphone (0.015 mg/kg) Postoperative nausea and 

vomiting
Morphine (0.1 mg/kg) Pruritus

Urinary retention
Constipation
Respiratory depression

NSAIDs Ketorolac (0.5 mg/kg) Platelet dysfunction
Gastrointestinal bleeding

Alpha-2 adrenergic agonists Clonidine (0.5–2 mcg/kg) Hypotension
Dexmedetomidine 
(0.25–1 mcg/kg)

Bradycardia
Sedation

N-methyl-D-aspartate 
antagonists

Ketamine (0.1–0.5 mg/kg) Hallucinations
Excessive sedation
Nightmares

Glucocorticoids Dexamethasone (0.1 mg/kg) Osteoporosis
Inhibition of bone growth

Acetaminophen Acetaminophen (15 mg/kg) Hepatotoxicity
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 11. What methods can be used to ensure safe emergence from general anesthesia? 
(Fig. 26.6)

The goal is to have a smooth emergence with minimal trauma. Pain and agitation 
should be controlled with appropriate agents such as benzodiazepines and alpha-2 
agonists so that the patient does not wake up writhing in pain and causing new skin 
lesions. Using propofol instead of sevoflurane can help decrease emergence delir-
ium. Avoiding traumatic extubations and re-intubations will decrease the incidence 
of blister formation. When suctioning oropharyngeal secretions prior to extubation, 
a soft flexible suction catheter is gentler than a rigid Yankauer tube. When placing 
a simple face mask over the patient’s face, direct contact with the skin should be 
avoided. This can be achieved by placing several strips of well-lubricated gauze to 
place over the patient’s face as a barrier between the skin and face mask. As with 
mask ventilation on induction, minimal pressure should be applied for chin lift as 
the patient emerges from anesthesia.
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Angiotensin converting enzyme (ACE) 
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Continuous positive airway pressure (CPAP), 
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Hemi-Fontan operation, 200, 201, 204
Hemodialysis, 145
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intraoperative management, 384
manufactures recommendations, 385
noninvasive blood pressure  

measurements, 384
routine monitoring, 382
TEE guidance, 385

Lidocaine, 131, 132, 261, 448, 464, 474
Live donor transplantation, 466
Liver transplantation

anesthesia STAT, 464
anesthetic induction, 462
anhepatic, 463, 473
Belmont rapid Infuser, 477, 478
blood products, 474, 475, 478, 479
classification of, 25
closed loop communication, 476
coagulation status, 479
coagulopathy, 465, 466
contraindications, 466
drugs, 474, 476
end-stage liver disease, 23–25, 467
HCC, MELS score, 26, 27
hemodynamic changes, 475
hemodynamic instability/arrhythmia/

unclear pulsatility, 464
history of present illness, 461
indications, 466
induction, safe method of, 472
intracardiac thrombosis
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Liver transplantation (cont.)
acute massive blood loss, 477
complications, 477
definition, 476
incidence of, 476
treatment, 477

intrapulmonary shunt, 467
intravenous access, 471
live donor liver transplant, 466
liver failure, diagnosis of, 25
massive transfusion, 34, 35

complications of, 35–37
definition, 34
guidelines, 34

massive transfusion/Belmont 
troubleshooting, 465

Model for End-Stage Liver Disease score, 
467, 468

monitors, 468
patient evaluation, 468
pre-anhepatic, 462, 473
preoperative echocardiogram, 467
primary functions of liver in healthy 

patient, 21, 22
primary graft nonfunction, 33, 34
pulmonary artery catheter, 471
reperfusion, 463, 473
spontaneous circulation, return of, 465
stages of, 31–33

anhepatic stage, 33
hepatectomy and pre-anhepatic, 33
neohepatic stage, 33

TEE, 471–473
TEG, 27, 29, 31

LMA Fastrach, 273
LMA® Unique™, 269
Local Anesthetic System Toxicity (LAST)

ACLS protocols, 295
ASRA checklist, 294
CNS symptoms, 283–285, 293
CVS symptoms, 283–285
epinephrine dosage, 295, 296
fetal/maternal ratio, 290
lipid emulsion

adverse effects, 289, 290
American Society for Regional 

Anesthesia guidelines, 294
contractility, 286
dosage, 294
in pregnancy, 290, 291
lipid solubility, 287, 288

local anesthetics, 288, 289
neurodepression, 284
neuroexcitatory symptoms, 284

resuscitation, 286, 292, 293
seizure prevention, 291, 292
treatment, 291
vasopressors, 296

Local anesthetics, 292
Lorazepam, 232
LY30, 426

M
Macroglossia, 448
Malignant hyperthermia (MH), 172
Mallinckrodt Laser-Flex L-R ETT,  

151, 154, 155
cuff, 152
depth of intubation, 158
disadvantages, 154
indicator dye, 151

Malnutrition, 486
Mandibular hypoplasia, 117
Massive hemorrhage

coagulopathy associated with, 429
utility during, 426, 427

Massive transfusion, 34, 35, 425
complications of, 35–37
definition, 34, 423
guidelines, 34
initial fluid resuscitation, 423, 424
resuscitation with blood products,  

424–426
Maximum amplitude (MA), 29, 426
Mean arterial pressures (MAPs),  

167, 181, 255
Medtronic Xomed Laser-Shield II L-R ETT, 

151, 153
advantage, 152
depth of intubation, 158
indicator dye, 151

Metabolic acidosis, 36
Metabolic equivalents (METS) exercise, 231
Metoclopramide, 398
Metoprolol, 232
Micrognathia, 117
Midazolam, 232, 233, 254, 261, 462
Mild residual neuromuscular blockade, 245, 

248
Mild residual neuromuscular paralysis, 245
Milrinone, 193
Mineralocorticoid excess, 257
Minimal sedation, 7
Model for End-Stage Liver Disease (MELD) 

score, 25–27, 461, 467–468
Moderate sedation, 7
Modified Bell criteria, 214
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Modified Blalock-Taussig (MBT)  
shunt, 198, 199

Monitored anesthesia care (MAC), death
anesthesia machine at out-of-the-OR 

locations, 10–12
cardiac arrest, exhaled CO2, 14, 16
components, 6
definition, 5, 6
endotracheal tube, exhaled CO2, 13, 14
ERCP, 4
medical history, 3
propofol, 12, 13
sedation, levels of, 6

conscious sedation, 6
deep sedation, 7
general sedation, 7
minimal sedation, 7
moderate sedation, 7

standard ASA monitors
body temperature, 10
circulation, 10
oxygenation, 8
ventilation, 9, 10

Montgomery t-tube, 299, 305
Motor evoked potentials (MEPs), 177–179
Multimodal analgesia, 493
Multiple endocrine neoplasia (MEN), 258
Myasthenia gravis

anesthetic management of, 413
autoimmune diseases coexisting with, 413
classification of, 411
diagnosis of, 405, 407–410
forms of, 411
intraoperative management of, 414, 415
laboratory data, 407
myasthenic crisis and cholinergic crisis, 

415, 416
neuromuscular blockade reversal, 406
neuromuscular junction in, 408
Osserman classification, 411
pathophysiology of, 406, 407
and postoperative ventilation risk, 415
preoperative examination and management 

of, 405, 412, 413
subdiaphragmatic free air, 406
treatment, 411, 412

Myasthenic crisis, 415
Myocardial excitability, 143

N
Narcotics, 45
Nasogastric placement of, 398
Nasopharynx, 46

Nasotracheal intubation, 126, 127
complications, 128
contraindications, 127

Necrotizing enterocolitis (NEC) in premature 
infant

absolute indications for, 213, 215
anesthetic issues

fluid management, 222–224
induction and maintenance 

medications, 220
monitoring and vascular access, 219
temperature regulation, 222
ventilator management, 221

characterization, 212
definition, 212
diagnosis, 213
etiology of, 212
extrinsic factors, 212
incidence, 212
infant’s comorbidities

CLD, 217
gastroschisis, 217, 218
omphalocele, 217, 218
PDA, 216
VSDs, 215, 216

patient’s history, 211
pediatric cardiopulmonary resuscitation, 

224–226
relative indications, 213, 215
risk factors for, 213
staging, 213, 214
treatment for, 213

Needle stick injury (NSI), 348
Neostigmine, 232
Neuraxial anesthesia, 440

re-attempting, risks of, 455, 456
Neuromuscular blockade (NMB), 60, 394, 

406, 414, 415
Neuromuscular-blocking drugs (NMBDs), 

242, 243, 245, 246
Neuromuscular junction (NMJ), 406, 408
Neuromuscular scoliosis (NS), 173, 174, 176, 

179, 181
Nicardipine, 255, 263, 465
Nicotinic acetylcholine receptors (NAChRs), 

406
Nitroglycerin, 181, 263
Nitroprusside, 255, 263
Nitrous oxide, 162, 179, 220
Non-depolarizing muscle relaxants, 220
Noninvasive cardiac output monitoring 

(NICOM), 223
Noninvasive positive ventilation (NIPPV), 

233, 234, 241
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Non-ischemic cardiomyopathy (NICM), 331
Nonparticulate antacids, 398
Non-rapid eye movement (NREM), 47, 48
Norepinephrine, 56, 57, 258, 474
Norton Laser ETT, 157
Norwood procedure, 193, 198–201
“No-touch” technique, 133
NPO guidelines, 397

O
Obese parturient

airway, 457
cardiopulmonary, 456
causes of failed epidurals, 453–455
causes of failed spinal

inadequate spinal space, 452, 453
subarachnoid space, 452

combined spinal and epidural technique
advantages, 450
disadvantages, 450

continuous spinal
advantages, 451
disadvantages, 451

epidural anesthesia
advantages, 450
disadvantages, 450

FOB, 448
gastrointestinal, 458
general anesthesia

advantages, 451
considerations for conversion, 458–460
disadvantages, 451

medical history, 447
neurological, 458
physiology of, 456
re-attempting neuraxial anesthesia, risks 

of, 455, 456
single-shot spinal

advantages, 449
disadvantages, 449

Obesity, 49, 54
Obstructive sleep apnea (OSA), 231, 249

ASA difficult airway algorithm, 45
assessing severity, 51
causes of, 49, 50
CPAP, 43
diagnosis of, 50, 51
extubation problems, 43, 44
intubation problems, 43
mild vs. severe, 52
PACU, 42
patient’s death, 53, 54
patient’s sleep study, implications of, 

46–49
perioperative management, 53

perioperative risk score, 52, 53
postoperative problems, 45
postoperative respiratory distress, 234, 

235, 237
preoperative airway physical examination, 44
transitions of care, 42
upper airway, anatomic structures, 46

Oculocardiac reflex, 437
Omphalocele, 217, 218
Oropharyngolaryngeal injury, 268, 269
Oropharynx, 47, 232
Orthotopic liver transplant, see Liver 

transplantation
Oxygenation, 94
Oxyhemoglobin dissociation curve, 38
Oxymetazoline, 113, 126

P
Packed red blood cells (PRBCs), 20, 167, 212, 

420, 474
Paradoxical vocal cord dysfunction (PVCD), 

239, 241
etiology, 241
mechanism of, 239
spirometry, 241
stridor, 241
treatment, 241

Partial laryngospasm, 130
Partial pressure end tidal CO2 (PetCO2), 232
Patent ductus arteriosus (PDA), 216
Peak inspiratory pressures (PIP), 59, 63, 64
Pediatric Advanced Life Support Algorithm 

(PALS), 114
Pediatric cardiac arrest, 225
Pediatric cardiopulmonary resuscitation, 

224–226
Peripartum cardiomyopathy (PPCM)

autoimmune processes, 372
cardiovascular system, physiological 

changes, 370, 371
diagnosis, 369, 372
echocardiography, 372, 374
follow-up imaging, 374
heart transplant patient

ACC and ASA guidelines, 385
biatrial approach, 386
biatrial implantation technique, 386
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cardiac denervation, 386
direct-acting sympathomimetic drugs, 387
electrocardiogram, 385
immunosuppressive drugs, 386
indirect-acting drugs, 387
myocardial biopsies, 386
postoperative course, 387
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preoperative findings, 386
reinnervation, 387
routine preoperative assessment, 385
vagal denervation, 387

HeartWare® continuous-flow LVAD 
implantation, 370

implantable cardioverter defibrillator 
(ICD), 370

incidence of, 372
left ventricular systolic dysfunction, 372
LVAD (see Left ventricular assist device 

(LVAD))
management, 375

anticoagulation, 376
fetus delivery, 379
IABP, 378, 379
inotropic therapy, 377
long-term treatment, 375
medications, 375
pharmacologic diuresis, 376
pharmacologic treatment, 376
restrictions, 375
and risk stratification, 376
VA-ECMO, 377

mortality rate, 372
NT-proBNP levels, 374
pathophysiology, 372
pregnancy-related factors, 372
risk factors, 372
serum markers of inflammation, 372
TandemHeart® LVAD, 369

Peripheral IV, 491
Peripheral nerve stimulator, 242–245
Peripherally inserted central catheter (PICC), 
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Phenoxybenzamine, 261
Phentolamine, 263
Phenylephrine, 56, 57, 94, 126, 462, 465
PICU, 206
Piggyback method, 463
Plasma-free metanephrines, 259
Plasma prothrombin time (PT), 87
Platelet Function Analyzer (PFA-100®), 92
Platelets, 91–93, 474
Plateletworks ®, 92
Plethysmographic variability index (PVI), 183
Pneumonia, 401
Pneumoperitoneum, 214
Poiseuille’s law, 219
Porphyrin metabolism, 22
Portal hypertension, 24
Positive end-expiration pressure (PEEP), 74, 

94, 202, 233
Postanesthetic care unit (PACU), see 

Postoperative respiratory distress 
(PACU)

Post-cardiopulmonary bypass (CPB), 95
Post-dural puncture headache (PDPH), 449
Posterior glottis, 119
Postoperative respiratory distress (PACU), 42, 

53, 54, 113, 114
clinical tests of neuromuscular 

transmission, 246
differential diagnosis of, 233
NIPPV, 234
obstructive sleep apnea risk stratification, 

234, 235, 237
PACU guidelines, 248–250
paradoxical vocal cord dysfunction, 239, 

241
patient history, 231
peripheral nerve stimulator, 242–245
residual neuromuscular blockade,  

245, 246
single twitch stimulation, 246
tetanic stimulation, 247, 248
TOF stimulation, 246, 247

self-propagating anxiety-induced 
paradoxical vocal cord motion loop, 
240

Post-reperfusion syndrome (PRS), 33
Pre-cardiopulmonary bypass (CPB)  

course, 74
Premature atrial contractions (PACs), 438
Premature ventricular contractions (PVCs), 

438
Primary ACS, 57
Primary graft nonfunction (PGNF), 33, 34
Primary left adrenal gland neoplasm, 253
Primary peritoneal drainage, 213
Prochlorperazine, 394
Propofol, 3, 4, 12, 13, 124, 131, 132, 167, 179, 

211, 220, 255, 434, 462, 472, 485
Propranolol, 263
ProSeal™, 269, 272, 275
Protein-losing enteropathy, 206
Prothrombin complex concentrate (PCC), 93
Pseudohypertrophy, 168
Pulmonary artery catheter (PAC), 462, 471
Pulmonary atresia and intact ventricular 

septum (PA/IVS)
causes in children, 197, 198
definition, 194
fetal circulation, 197
morphology of, 194, 195
normal fetal circulation, 196
Norwood procedure, 193, 198–201
pathophysiology of, 195–197
patient medical history, 193
PICU, 206
single-ventricle reconstruction, 201–206

Pulmonary emboli (PE), 443
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Pulmonary hemorrhage
blood products

excessive bleeding, 93
FFP, 92
fibrinogen, 92
platelet, 93

blood supply to lungs, 79
bronchial artery supply, 82
bronchopulmonary segments, 77
causes of, 75
clotting time tests, 89
coagulopathy treatment, diagnosis test, 85

aPTT measures, 88
cell-based model, 85
classical coagulation cascade model, 87
fibrin D-dimer, 89
fibrinogen, 89
in vitro coagulation tests, 87
platelets, 91, 92
PT measures, 87
RoTEM, 89
RT measures, 88, 89
TEG, 89
TT measures, 88

CPB, 74
endobronchial lung isolation

bronchial blocker, 94–97
DLT, 97, 99

flexible fiberoptic bronchoscopy, 79, 80, 83
invasive therapies

catheter-based interventions, 102
ECMO, 104
surgical interventions, 103

noninvasive tharapies
topical vasoconstrictors, 94
ventilation and oxygenation, 94

physiologic perturbations
blood clots, 85
oxygenation, 84
severity of bleeding, 84, 85
ventilation, 83, 84

recombinant factor VIIa (rFVIIa), 93
tracheal anatomy, 76
tracheal and bronchial blood supply, 80
tracheobronchial tree anatomy, 75–77

Pulmonary hypertension, 473
Pulmonary infarction, 102
Pulmonary thromboendarterectomy, 75
Pulmonary vascular resistance (PVR), 195, 

196, 198, 200, 202–206
Pulse oximeter, 489
Pulse pressure variation (PPV), 183
Pulseless electrical activity (PEA), see 

Asystole

R
Racemic epinephrine, 122
Rapid eye movement (REM) sleep, 47, 48
Rebleeding, 102
Recombinant factor VIIa (rFVIIa), 93
Red blood cells (RBC) transfusion, 92
Red rubber catheter, 126
Regional anesthetics, 124
Regurgitation, 395

possibility of, 397, 399, 400
preoperative risk factors for, 396
risk factors for, 399

Remifentanil, 167, 181
Repetitive nerve stimulation, 407, 409
Reptilase time (RT), 88
Residual neuromuscular blockade, 245, 246

single twitch stimulation, 246
tetanic stimulation, 247, 248
TOF stimulation, 246, 247

Respiratory events, 122
Retinopathy of prematurity (ROP), 221
Retroepiglottic pharynx, 47
Retropalatal pharynx, 47
Return of spontaneous circulation (ROSC), 16
Rigid bronchoscopy, 308, 310, 311
Riluzole, 140
Ritonavir, 232
Rocuronium, 55, 56
Rotational thromboelastometry (RoTEM), 89, 

90
R-time, 426
Rusch EZ-Blocker, 96
Rusch Lasertubus ETT, 151, 156, 157

S
Saline-soaked blocking pledgets, 162
Scoliosis

anesthetic implications
blood loss management, 179–183
goal-directed therapy in pediatric 

anesthesia, 183, 185
intraoperative neurophysiologic 

monitoring, 176, 177, 179
caused by, 173
Cobb angle, 172, 173
congenital, 173
definition, 172
epidemiology, 173, 174
idiopathic, 173
indication, 174, 175
neuromuscular, 173
surgical process and complication, 175, 176
timing for surgery, 174, 175
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Secondary ACS, 58
Sedation, levels of, 6

conscious sedation, 6
deep sedation, 7
general sedation, 7
minimal sedation, 7
moderate sedation, 7

Sevoflurane, 211, 220
Sheridan Laser-Trach ETT, 157
Single twitch stimulation, 246
Single-fiber electromyography (SFEMG), 409, 

410
Single-shot spinal

advantages, 449
disadvantages, 449

Single-ventricle reconstruction, 201–205
bidirectional cavopulmonary anastomosis, 

205
bidirectional Glenn/hemi-Fontan operation, 

204
long-term implication, 205, 206
lowering SVR, 203
PVR, 202
Qp:Qs, 202–204
stages of, 199

Sinus bradycardia, 435
Skilled nursing facility (SNF), 55
Sleep Disorders Questionnaire (SDQ), 237
Sodium bicarbonate, 474
Sodium nitroprusside, 181, 263
Soft tissue airway obstruction, 241
Somatosensory evoked potentials (SSEPs), 

167, 176, 177
Spinal and epidural anesthetic, 447
Spinal fusion surgery, 181
Steroids, 172, 411
STOP-Bang questionnaires, 231, 235–237
Stroke volume index (SVI), 185
Stroke volume variation (SVV), 183
Subarachnoid space, 452
Subglottic stenosis, 118

acetylcholine, 311–313
causes, 304, 305
clinical manifestations, 301, 302, 304
diagnosis, 302–304
LMA placement, 300
Montgomery T-tube, 305
Myers-Cotton staging, 305
neuromuscular blockade

clinical findings, 320
drug and electrolyte effects, 324
objective findings, 320
TOF testing, 320
treatment, 320, 321

neuromuscular junction, 310–312
patient’s history and medications, 299
premedication, 300
propofol sedation, 300
pseudocholinesterase deficiencies

biochemical assay testing, 325
cholinesterase inhibitors, 324
clinical and laboratory findings, 326
competitive cholinesterase inhibitors, 324
dibucaine inhibition test, 325
noncompetitive cholinesterase 

inhibitors, 324
pharmacologic inhibition, 322
phenotype interpretation, 322
pseudocholinesterase activity assay, 325
pseudocholinesterase phenotype 

interpretation, 323, 325
qualitative defects, 322
quantitative deficiency, 322, 323

pseudocholinesterase study, 301
resistance, 306, 307
rigid bronchoscopy, 299, 308, 310, 311
succinylcholine, 312, 313

adverse drug effect, 325
cardiac side effects, 316
definition, 312
depolarizing blocker, 315
duration of action, 312
hydrolytic breakdown, 313
hyperkalemia, 316, 317
initial depolarization and muscle 

contraction, 312
intracranial pressure, 317
intraocular pressure, 317
malignant hyperthermia, 317
muscle weakness, 313
myalgia, 317
neostigmine, 322
nondepolarizing blocker, 315
phase I and phase II block, 318
termination of action, 313
TOF ratio, 318, 319

TOF stimulation, 300
treatment, 307, 308

Succinylcholine, 131, 141–143, 171, 414, 462
Sudden intraoperative cardiovascular collapse, 

441
ACLS interventions, 442
ensure adequate ventilation and 

oxygenation, 441
hypotension, 442
no pulse, 441
surgeons and OR staff of cardiac arrest, 441

Superior vena cava (SVC), 199
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Systemic vascular resistance (SVR), 203
Symptomatic bradycardia, 134
Systemic thrombolytic therapy, 477

T
Tachycardia, 263
TandemHeart® left ventricular assist device 

(LVAD), 369
TEG ® with Platelet Mapping ® Assay, 92
Tegaderm®, 491
Teleflex®, 269
Temporary balloon occlusion, 102
Tension pneumothorax, 444
Tetanic stimulation, 247, 248
Tetralogy of Fallot, 194, 198
Thoracic scoliosis, 175
Thorazine, 394
Thrombin time (TT), 88
Thromboelastogram (TEG®), 20, 27, 29–31, 

89, 90, 426, 427, 461, 480
advantages, 27
coagulation index, 29
EPL, 29
K time, 29
massive hemorrhage and coagulopathy, 31
maximum amplitude, 29
native liver excision, 30
parameters, 27–29

Thrombosis, 443, 444
Thymectomy, 412
Tissue hypoperfusion, 429
Topical vasoconstrictors, 94, 126
Total intravenous anesthetic (TIVA), 172
Total parenteral nutrition (TPN), 291
Tracheobronchial tree anatomy, 75–77
Train-of-four (TOF) stimulation, 232, 

245–247
Tranexamic acid (TXA), 182
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193, 420, 462, 471, 473, 479
Transfusion-related acute lung injury 
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(TIPS), 467
Transsternal thymectomy, 415
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467
Twitch monitor placement, 414
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anesthetic considerations in removal, 262
antihypertensives Intraoperatively, 263
CT scan, 253, 254
intraoperative management, 261–263
laboratory tests, 259
medications to avoid in patients, 262
patient’s medical history, 253
preoperative management, 260, 261
after removal, 256
symptom-based diagnosis, 258

Unilateral recurrent laryngeal nerve injury, 
278, 279

United Network for Organ Sharing (UNOS), 
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Upper esophageal sphincter (UES), 395
Upper respiratory tract infections (URIs), 

CHARGE syndrome
canceling elective surgery, 126
child with, 124, 125
respiratory events, 121–122

Urine-fractionated metanephrines, 259

V
Vagal nerve traction, 437
Vagal reflex, 436, 440

baroreceptor reflexes, 438
Bezold-Jarisch reflex, 437, 438
oculocardiac reflex, 437
vagal nerve traction, 437

Vanillylmandelic acid (VMA), 259
Variceal bleeding, 24
Vasopressin, 56, 57, 94, 474
Vecuronium, 220
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Venoarterial extracorporeal membrane 

oxygenation (VA-ECMO), 104, 
106, 377

Veno-venous extracorporeal membrane 
oxygenation (VV-ECMO) circuit, 
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Ventilation, 94, 128, 391
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Ventricular septal defect (VSD), 215, 216
Ventricular tachycardia, treatment of, 143
VerifyNow ® system, 92
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Very-low-density lipoprotein (VLDL), 22
Videoscopic thymectomy, 415
Vigileo monitor, 254, 255
Vocal cord paralysis, 268
von Willebrand Disease (vWD), 421

acquired, 422, 423
classification, subtypes, 421
type 1, 421, 422
type 2, 422
type 3, 422
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Withholding fluids, 424
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